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The objective of this thesis was to investigate whether the addition of carbon 
nanofibers had an effect on the splitting tensile strength of Hydro-Stone gypsum 
concrete. The carbon nanofibers used were single-walled carbon nanotubes (SWNT), 
buckminsterfullerene (C60), and graphene oxide (GO). Evidence of the nanofibers 
interacting with gypsum crystals in a connective manner was identified in both 1 mm 
thick concrete discs and concrete columns possessing a height of 2 in and a diameter of 1 
in. Before imaging, the columns were subjected to a splitting tensile strength test. The 
results illustrate that while there is a general decrease in strength with an increase in 
nanofibers for the nanotubes and graphene oxide, the addition of C60 did not noticeably 
effect the strength. This trend is consistent with trends determined by previous studies.
1 
Chapter 1- Introduction 
1.1- Materials  
1.1.1- Gypsum 
Gypsum is a naturally occurring mineral with the chemical formula CaSO4*2 H2O 
(calcium sulfate dihydrate). This mineral is found in sedimentary rocks and multiple 
locations around the world. Seventeen of these locations are found in the United States, 
with Iowa and Texas being two of the major producers (Gypsum Association, 2011). In 
its natural state, gypsum is a soft mineral that possesses a monoclinic crystalline structure 
and tends to break in a conchoidal pattern (Minerals Education Coalition, n.d.). 
There are two processes by which gypsum can be procured for use- mining and 
Flue Gas Desulfurization (FGD). FGD is a two-step chemical process that involves 
recycling the gases produced by coal-consuming power plants. When the gases are 
captured, they leave a residue on a dry filter called “soot,” also known as “fly ash.” After 
the fly ash is removed, the remaining exhaust is filtered through a “wet scrubber” (a thick 
mixture of very fine particles of limestone and water). The exhaust passes through this 
mixture and a chemical reaction occurs. The calcium carbonate of the limestone reacts 
with the sulfur dioxide of the exhaust and creates calcium sulfate dihydrate (gypsum) 
(USG Corporation, 2016b). This process is illustrated below (Maller, 2008): 
    SO2 (g) + CaCO3 (s) + O2 (g) + H2O (l)             CaSO4 * 2 H2O (s) (gypsum) + CO2 (g)  
 Many companies use both methods to retrieve gypsum. One of these is the USG 
Corporation (United States Gypsum Corporation) (USG Corporation, 2016c), the 
company from which the gypsum for this project was procured.  
2 
 To prepare gypsum for industrial use, the mineral is pulverized into a fine powder 
and heated to 350° F. At this temperature, a process called calcination occurs. Through 
calcination, most of the water molecules are evaporated out of the gypsum (Gypsum 
Association, 2011; Gypsum Association 2012). This process is illustrated by the chemical 
reaction below (Environmental Protection Agency, 1995; Fukami, Tahara, Nakasone, & 
Yasuda, 2015): 
CaSO4 * 2 H2O (s)                 CaSO4 * ½ H2O (s) + 1.5 H2O (g) 
 The result of this reaction is a white powder, sometimes called stucco, that can be 
rehydrated for use in wallboard, plasters for building construction, soil additives, art, and 
prototypes (Gypsum Association, 2012b; Gypsum Association, 2012c; USG Corporation, 
2016a).  
 Gypsum was once called the “miracle mineral” due to its increased resistance to 
fire when used in gypsum boards, and for the effect its crystalline growth has on the 
resulting mass (Gypsum Association, 2012c). Gypsum crystals grow when the gypsum is 
rehydrated. Once every crystal has been hydrated, the growing stops and the resulting 
product slightly expands. It is this slight expansion that allows gypsum to have multiple 
advantages over other forms of cement. Some of these advantages are: 
o No shrink cracks. Shrink cracks are commonly associated with other types 
of concrete. When cement becomes concrete, it loses water and as a result, 
experiences a decrease in its volume. This decrease in volume leads to 
cracking in the material. This type of shrinkage may negatively affect the 
durability and dependability of the structure (Holcim Australia, 2016). 
3 
o Gypsum will expand into any crevice it can find and will secure itself to 
that space. This allows the user to avoid having to create crevices with 
processes like shot blasting or scarifying.  
o Gypsum uses water only for hydration and will set evenly. This is unlike 
calcium aluminate cement or Portland cement, where an uneven thickness 
in the pouring of the cement will result in uneven drying and shrinkage 
(USG Corporation, 2016b). 
 The strength of the cement will be reflected by the amount of water used to make 
the mixture. The more water used, the weaker the resulting mass will be. Unlike Portland 
cement or calcium aluminate cements that require water while curing (moist curing), 
gypsum cement only requires water to create crystals. When the excess water evaporates, 
it leaves voids or holes. These holes lower the density and therefore the strength of the 
final product. The excess water can be removed by either natural mechanisms or human-
initiated drying. The ultimate strength of gypsum cement can be determined once all of 
the water has been removed (USG Corporation, 2016b). 
The gypsum cement used in this project was Hydro-Stone® gypsum cement. The 
consistency of Hydro-Stone® gypsum cement is generally 32 pounds of water per every 
100 pounds of cement. This corresponds to approximately a 3.1:1 ratio of cement to 
water. When completely dry, Hydro-Stone® gypsum cement possesses 10,000 psi of 
compressive strength. However, USG has conducted research that can increase this value 
to 20,000 psi (USG Corporation, 2015a; USG Corporation, 2016b).  
 Gypsum cement is normally mixed with potable water between 70° and 100° F. 
Both the water and the gypsum need to be kept at stable temperature conditions before 
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mixing together. If the temperature is too hot, the mixture will set quicker. If it is too 
cold, the mixture will set slower (USG Corporation, 2015a). 
Normally, when gypsum is studied, it is enhanced with various sizes of sand 
aggregates at various percentages by mass. Aggregates are categorized based on the size 
of sieve they will pass through. For instance, a No. 4 aggregate will pass through a No. 4 
or 4.75 mm sieve and a No. 30 aggregate will pass through a No. 30 (600μm) sieve. 
Typical values are illustrated in the table below (Kosmatka, Kerkhoff, & Panarese, 2003).  
Table 1.1: Limitations on Fine Aggregate 
 
The most researched type of gypsum cement is Ultracal®. Ultracal® is categorized 
into two different types of mixtures: Ultracal® 30 and Ultracal® 60. Ultracal® 30 requires 
38 parts of water to 100 parts of cement and possesses a dry compressive strength of 
6,500 psi. Ultracal® 60 also requires 38 parts of water to 100 parts of cement, but 
possesses a lower dry compressive strength of 5,500 psi (USG Corporation, 2015b; USG 
Corporation, 2015c). When mixed with various concentrations of No. 8 aggregate and 
water in a 1 x 2 in cylinder, the average compressive strength of Ultracal® 30 can 
fluctuate between 1967- 5919 psi, depending on the ratios and the setting time. The 
splitting tensile strength can fluctuate as well, between 245- 662 psi, again depending on 
Sieve Size Percent Passing by Mass 
9.5 mm (3/8 in) 100 
4.75 mm (No. 4) 95 to 100 
2.36 mm (No. 8) 80 to 100 
1.18 mm (No. 16) 50 to 85 
600 µm (No. 30) 25 to 60 
300 µm (No. 50) 5 to 30 
150 µm (No. 100) 0 to 10 
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ratios and setting time, but also on the size of the cylinder. Further relevant data can be 
found in research by Sabnis and White, 1967. 
The general trend between compressive and splitting tensile strength seems to be 
that they are proportional to each other, provided that the samples possess the same 
setting time and cement: water: sand ratio. The blank samples used in this research can be 
most associated with Mix 12 in Appendix 1 due to the closeness in the gypsum: water 
ratios. Therefore, the gypsum cement used in this project should produce lower, if not 
similar, splitting tensile strengths.  
1.1.2- Additives 
1.1.2.1- Single Walled Carbon Nanotubes (SWNT) 
 Carbon nanotubes (CNT) are lightweight, hollow tubes of graphene sheets that 
can be constructed as either single walled (SWNT) or multi-walled (MWNT) (See Figure 
1.1). CNT have extraordinary characteristics that include an electrical conductivity that is 
five times that of copper, a density that is approximately half of aluminum (~ 1.35 g/cm3 
vs. 2.70 g/cm3) (Nanocomp Technologies, 2016) (Hoadley, n.d.), and a high resistance to 
heat (Amin, El-Gamal, & Hashem, 2015). 
 
 
 
Figure 1.1: Single Walled CNT and Multi-walled CNT (Foldvari Research Group 2012) 
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 The SWNT used in this research had an average length of 1,020 nm and diameters 
ranging from 0.7-1.4 nm. A single strand of SWNT possesses a tensile strength range of 
13-52 GPa, but theoretically can reach 126.2 GPa. This is higher than the tensile strength 
of steel, one brand of which possesses 0.51-0.62 GPa (Sigma Aldrich, 2016; T. Blanchard 
& MilliporeSigma, personal communication, July 26, 2016; Yu, Files, Arepalli, & Ruoff, 
2000; Xiao, Gama, & Gillespie, 2004; AZoM.com, 2016). 
 A single strand of SWNT possesses a Young’s Modulus (Y.M.) range of 320-
1470 GPa, but theoretically can reach approximately 1000 GPa. Steel has a Y.M. 
between 180- 210 GPa (Yu, et al., 2000; Xiao, et al., 2004; The Engineering ToolBox, 
n.d.d.; Gibbs, 2013). 
 Single strands of SWNT with lengths of 2.99 nm and diameters of 1.38 nm have 
been theorized to possess a compression strength of 40.6 GPa. Grade 304 Stainless Steel 
possesses a compressive strength of 0.205-0.310 GPa. (Chowdhury, Haque, Gillespie, & 
Hartman, 2012; AZoM, 2016). 
 Most studies that involve CNT and cementitious materials utilize MWCNT and 
Portland Cement (PC). MWCNT concentrations as low as 0.1% by weight and high as 
0.5% have been shown to increase the compressive strength of PC by 8.5%-22% and 
15%, respectively. Concentrations of 0.5% have also been shown to increase the splitting 
tensile strength of PC by 36%. When mixed together with graphene oxide, SWCNT 
increase the bending strength of cement by approximately 73%. MWCNT have been 
shown to decrease the flammability of polyurethane foam by 35%. When mixed in a 
70:30:0.1 ratio with Ordinary Portland Cement (OPC) and Homra (clay), CNT increased 
the compressive strength of the mix by approximately 130% and increased the strength 
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by 50% when exposed to 300°C. (Bharj, Singh, Chander, & Singh, 2014; Kumar, Kolay, 
Malla, & Mishra, 2012; Li, Wei, Qin, & Hang Hu, 2015; National Institute of Standards 
and Technology, 2014; Amin, El-Gamal, & Hashem, 2015). 
1.1.2.2- Buckminsterfullerene (C60) 
 Buckminsterfullerene (buckyball) is a spherical fullerene that is comprised of 60 
carbon atoms and possesses a diameter of 7.1 Å or 0.71 nm (AZoM.com, 2006; Ulloa, 
2013). Due to the spherical nature of C60, there are two properties that are most relevant- 
Young’s modulus and bulk modulus. C60 molecules possess a Young’s Modulus of 20 ± 5 
GPa (2.0 ± 0.5*1011 dyn/cm2) and a theoretical bulk modulus of 668 GPa when it 
compressed to 75% of its original size (Hoen et al., 1992; Ulloa, 2013). Unfortunately, 
there are not many, if any, studies relating C60 to cementitious materials. C60 is mainly 
used for superconductors, photovoltaics, and antioxidants (AZoM.com, 2006). However, 
based on the work described in Daily (n.d) concerning methods on minimization 
corrosion in concrete, there is potential for the exploitation of C60’s conductive 
properties. Studies also show that adding C60 to polyurethane will decrease flammability 
by 55% (Kausar, 2016). 
1.1.2.3- Graphene Oxide 
 Graphene oxide (GO) is a compound that can either be bought premade or created 
from the oxidation of graphite. It usually exists as monolayer flakes or sheets. Due to its 
hydrophilic nature, GO can be used as an additive in polymers and drug research 
(Graphenea, 2005). Monolayer GO sheets possess an average tensile strength of 
approximately 24.7 ± 4.5 GPa (Cao, Daly, Singh, Sun, & Filleter, 2015) and a Y.M. of 
380-470 GPa (Liu, Zhang, Zhao, & Liu, 2012). Most of the research involving GO 
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consists of P.C. When 0.03% GO sheets were added to a P.C. paste (with added 
polycarboxylate superplasticizer and sand), the resulting compressive and tensile 
strengths increased 38.9% and 78.6%, respectively. When 1.5% of GO flakes were added 
to a P.C mortar, the resulting tensile strength was increased by 48%. After that, the 
strengths decreased. After a 28-day curing period, the addition of 0.03% by mass GO 
sheets increased the compressive strength of OPC by 46% and the split tensile strength by 
50% (Lv et al., 2013; Babak, Hassani, Rashidi, & Parviz, 2014; Gong et al., 2014).  
 
1.2- Testing and Imaging Methods 
1.2.1- Splitting Tensile Test 
 Before using cementitious materials in the field, there are many properties that 
must be tested to ensure longevity and durability. One of these properties is the tensile 
strength. Tensile strength refers to the material’s ability to be stretched until it breaks 
(NDT Resource Center, n.d.). If a material has a low tensile strength, it will break more 
easily. Materials that fall within this category are granite (700 psi/4800 kPa), limestone 
(300 psi/ 2100 kPa), and Portland concrete (greater than a year-old sample- 400 psi/ 2800 
kPa). Gypsum cement also falls in this category with splitting tensile strengths between 
245- 662 psi or 1,690 kPa- 4,560 kPa. The higher the tensile strength, the more the 
material will stretch without breaking. Materials that fall within this category are 
aluminum (0.27 GPa- 0.45 GPa/ 270,000 kPa -450,000 kPa), porcelain (1500-2500 psi/ 
10,342- 17,237 kPa) and epoxy (0.069 GPa/ 69,000 kPa) (The Engineering ToolBox, 
n.d.a, n.d.b, n.d.c., Sabnis and White, 1967). 
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 There are several methods to determine a material’s tensile strength. They are 
direct, indirect, torsion, and flexural. Direct tensile strength can be determined when the 
sample is pulled in opposite directions. The sample can either be gripped or glued to the 
machine. The standard method consists of casting the cement in dog-bone shaped molds 
(Babak, Hassani, Rashidi, & Parviz, 2014) and using the machine jaws to grasp the ends. 
This allows the machine to grasp the sample more effectively than simply grasping a 
cylinder, as illustrated in Figure 1.2 below.  
 Unfortunately, this method also introduces the possibility of the sample breaking 
at the point of contact with the machine and not in the center where desired. To avoid 
this, two alternatives are used. One method is to glue the sample to the machine with 
epoxy glue (Harris & Sabnis, 1999). Another method is to create a notch in the middle of 
the sample so direct the cracking towards the middle (“Hardened Concrete - Strength,” 
n.d.). Figure 1.2 illustrates both methods. To get the tensile strength from a direct tension 
test, the load at which the sample breaks is divided by the cross sectional area of the 
sample, as illustrated in Equation 1 below. 
    𝜎𝑈𝑇𝑆 =  
𝑃𝑚𝑎𝑥
𝐴𝑜
          (1) 
σUTS is the ultimate tensile strength, Pmax is the maximum load, and A0 is the cross-
sectional area (Gürbüz. R., n.d.). 
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Figure 1.2: Illustration of a Direct Tension Test (“Hardened Concrete - Strength,” n.d.) 
 
The indirect method of determining the tensile strength of a sample is the split 
(splitting) tensile test. The split tensile test involves placing the sample between two 
pieces of wood and compressing it until it breaks (Harris and Sabnis, 1999) (See Figure 
1.3). This project utilized the split tensile test as it was easier, more practical, and more 
applicable to the sample. 
 
Figure 1.3: Illustrations of a Split Tensile Test (“Hardened Concrete - Strength,” n.d.) 
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From these methods, an applied load value is obtained. This value refers to the 
maximum amount of force the material can withstand before breaking. This value has 
units of pounds, but can be converted to psi using Equation 2. 
𝑓𝑟𝑠𝑝 =  
2∗𝑃
𝜋∗𝐿∗𝐷
     (2) 
 frsp is the split tensile strength, P is the load when the sample cracks, D is the 
diameter of the sample, and L is the length of the sample. Load values differ from method 
to method and the size of the sample (Harris and Sabnis, 1999). The results from a split 
tensile test can also be expressed in MPa. To convert psi to MPa, Equation 3 is used (J. 
Wilson, personal communication, April 11, 2016). 
 
  𝑇𝑠𝑝 (𝑀𝑃𝑎) =  𝑇𝑠𝑝(𝑝𝑠𝑖) ∗ 0.00689476               (3) 
  
 Compression values can be estimated from split tensile values. Equation 4 
illustrates there is an exponential relationship between the two strengths, where ft is the 
splitting tensile strength and fc is the compressive strength. The equation assumes both 
strengths are in MPa. If they are in psi, the coefficient 0.3 is changed to a 1.7 (“Relation 
Between Compressive and Tensile Strength of Concrete,” 2009; Arιoglu, Girgin, & 
Arιoglu, 2006). 
 
  𝑓𝑡 = 0.3 ∗ (𝑓𝑐)
2/3       (4) 
  
Unfortunately, this equation does not produce precise values. Its limitations are 
due to two factors. One, there is a lack of literature regarding the exact conversion factors 
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needed to determine splitting tensile strength from compressive strength. It was 
previously assumed that the splitting tensile strength was the square root of the 
compressive strength. However, this assumption was not verified by additional research. 
It was eventually determined that the two strengths followed an exponential trend as seen 
in Equation 4. Both the American Concrete Institute (ACI) and the Fédération 
internationale du béton / International Federation for Structural Concrete (CEB-FIB) 
proposed three different sets of coefficients and exponents for the equation. It was 
discovered that the values projected by the CEB-FIB produced mathematical data that 
was closer to experimental data than the ACI values. Two, this equation is usually 
applied to various types of regular cement, not gypsum cement. Because gypsum cement 
is a completely different material than regular cement and due to the lack of studies 
regarding gypsum cement as a standalone building material, this equation was utilized to 
retrieve a general comparison trend. (“About the fib,” n.d.; American Concrete Institute, 
2016; Arιoglu, Girgin, & Arιoglu, 2006; Yan, Xu, Shen, & Liu, 2013). 
To determine the tensile strength through a torsion test, the sample is twisted until 
it breaks. The shear force is equal to the torsion force and can therefore be used to 
determine the tensile strength of the sample.  Figures 1.4 and 1.5 illustrate the similarities 
between the shear and torsion forces. Figure 1.6 illustrates the results from a torsion test 
(nagi aboshadi, 2013). The sample cracks perpendicular to the direction of force. 
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Figure 1.4: Shear Forces (nagi aboshadi, 2013) 
 
 
 
 
 
 
 
Figure 1.5: Torsion Forces (nagi aboshadi, 2013) 
 
 
 
 
 
Figure 1.6: Visual of the Results of a Torsion Test (nagi aboshadi, 2013) 
 
When the tension stress exceeds the maximum tensile strength of the sample, the 
sample will crack and began to crumble (Shihada, 2012). 
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The last test is called the flexural test. During this process, the sample is laid flat 
and a third force is applied at particular point(s). The point of breaking is when the tensile 
stress from the bottom of the sample is greater than the actual tensile strength of the 
sample (“Hardened Concrete - Strength,” n.d.) (See Figure 1.7). The maximum tensile 
strength is referred to as the “modulus of rupture.” (Building Research Institute, 2016). 
 
 
 
 
 
 
 
 
 
Figure 1.7: Flexural Test (“Hardened Concrete - Strength,” n.d.) 
 
1.2.2- Large Chamber Scanning Electron Microscope (LC-SEM) 
 The initial hopes of this project were to obtain backscattered electron images and 
an energy dispersive spectrum of the concrete samples. In order to perform these tests, 
the Large Chamber Scanning Electron Microscope (LC-SEM) at Western Kentucky 
University was utilized. The LC-SEM has the ability to utilize various non-invasive 
techniques to image samples as large as an automobile engine. The techniques most 
relevant to this experiment are: Secondary Electron (SE) Imaging, Back-Scattered 
Electron (BSE) Imaging, and Energy Dispersive Spectroscopy (EDS) (“WKU NOVA 
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Center,” 2014). All three techniques exploit the interactions between an electron beam 
and the sample electrons. A brief overview of electron shells is explained in the next 
section, followed by elaborations on the individual techniques. 
1.2.2.1- Electron Shells 
 Every atom has at least one electron shell that contains at least one electron. The 
shells closest to the nucleus require the least amount of energy to fill, but the most energy 
to remove. As the atomic number increases, so does the number of electron shells (Leach, 
2016). The maximum number of electrons each shell can possess can be determined by 
2n2, where “n” is the principle quantum number. If n= 4, the maximum number electrons 
that shell can hold is 32 (Kuphaldt, 2015). Each quantum number corresponds to a 
specific electron shell. Where the quantum numbers start from 1 and end at 7, electron 
shells are designated by letters and go from K to Q. This is illustrated in Figure 1.8 
(Leach, 2016).  
 From Figure 1.8, it can be seen that an atom with n= 4 and electrons in the 4f 
orbital will have a maximum of 32 electrons in the N shell. For example, the electron 
configuration of Ca. Ca possesses an electron configuration of 1s22s22px
2 2py
2 2pz
2 3s2 
3p6 4s2 (or [Ar] 4s2). Every electron shell up to n= 4 has been filled. Since Ca is not a 
transition metal, the d orbital is not filled. An illustration of Ca’s electron shells should 
show that there are 2 electrons in the K shell, 8 in the L shell, 8 in the M shell, and 2 in 
the N shell (See Figure 1.9).  
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Figure 1.8: Quantum Numbers from Levels 1-7 (Leach, 2016) 
 
 
 
 
 
 
 
 
 
 
Figure 1.9: Ca Electron Levels (“Periodic Table of Elements Showing Electron Shells,” 
n.d.) 
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 The atomic size of each element increases from right to left and down the periodic 
table (BBC, 2011). As the atomic size increases, so does the number of electron shells. 
The outermost shell of any atom possesses valence electrons. For Ca, the valence shell is 
the N shell; for Na, it is the M shell. It is the electrons in these shells that are responsible 
for the interactions between molecules (Kuphaldt, 2015). In order to remove one of these 
electrons, the ionization energy of the atom has to be overcome. Ionization energy 
increases the further right across the periodic table and the further up. The trend is 
illustrated in the image below (“Ionization energy and electron affinity,” n.d.). 
 
 
 
 
 
 
 
 
 
Figure 1.10: Ionization Energy Pattern as Illustrated on the Periodic Table (“Ionization 
energy and electron affinity,” n.d.) 
 
 The further away the electron is from the nucleus, the lower the energy is required 
to remove it from the orbit (“Ionization energy and electron affinity,” n.d.). It is these 
electrons that are involved in Secondary Electron (SE) detection. 
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1.2.2.2- Secondary Electron Emission (Inelastic Collisions)  
 When an incident electron beam collides with the sample atom, it will interact 
with the atom’s electrons. The minimum energy required to remove the electrons by the 
incident beam is called the threshold energy. If the incident beam possesses enough 
energy, it will collide with the electrons and continue its path with a different angle of 
direction. Once the electrons have gained enough energy, they leave their orbit and are 
called secondary electrons (see Figure 1.11) (Shaik, 2015; Anderson Materials 
Evaluation, Inc., 2016). 
 
 
 
 
 
 
 
Figure 1.11: Secondary Electrons Illustration (Canadian Centre for Welding and Joining, 
2012) 
 
 These electrons are captured by the Secondary Electron detector and a black and 
white image is produced. Places on the image that appear brighter illustrate that more 
secondary electrons were detected. Therefore, the brighter the image, the heavier the 
element. Secondary electrons are mainly utilized to determine the topography of a sample 
(University of Glasgow, n.d.; Cantafio, 1998). 
 
19 
1.2.2.3- Backscattered Electrons (Elastic Collisions) 
 Backscattered electrons (BSE) are produced when the incident electrons are 
deflected away from the sample atom. Due to the interactions between the electrons and 
the sample nucleus, the incident electron can travel several micrometers within the 
sample and will eventually escape to be captured by the BSE detector (See Figure 1.12). 
BSE usually possess an energy that is equal to the voltage used for the electron beam 
(usually greater than 50 eV) (Dykstra & Reuss, 2003). Unlike SE, BSE are extremely 
sensitive to the atomic mass of the sample rather than just the surface. Heavier elements 
will produce more BSE due to their larger cross sectional area and will produce brighter 
images (Goodge, 2012; Anderson Materials Evaluation, Inc., 2016). BSE also produce 
black and white images due to the fact that they correspond only the average atomic 
number (Goodge, 2012) They are mainly used to determine changes in sample 
composition (University of Glasgow, n.d.). 
 
 
 
 
 
 
Figure 1.12: Backscattered Electron Emission Illustration (Canadian Centre for Welding 
and Joining, 2012) 
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1.2.2.4- X-Rays 
 The x-rays that are detected by the LC-SEM can be categorized as either 
characteristic or bremsstrahlung. Bremsstrahlung radiation or “braking radiation” occurs 
when the incident electron interacts with the sample nucleus. When the incident 
electron’s kinetic energy suddenly drops due to a deflection by the sample nucleus, X-
rays are produced that possess an energy with the same magnitude as the energy loss 
(Busse, n.d.). Unlike characteristic x-rays, bremsstrahlung radiation depends on the 
accelerating voltage, not on the sample composition. This results in a continuous curve 
on an intensity vs. wavelength plot. The point where bremsstrahlung radiation begins to 
appear on the intensity vs. wavelength plot is related to the energy of the incident electron 
(See Figure 1.13) (The Scientific Sentence, 2010; Tipler & Llewellyn, 2012). 
Bremsstrahlung radiation provides a reference point to determine the intensity of the 
characteristic x-rays.  
 
 
 
 
 
 
 
 
 
Figure 1.13: X-ray Spectra of Molybdenum (Nave & Department of Physics and 
Astronomy at Georgia State University, 2001) 
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Characteristic x-rays are x-rays that have been produced through the interaction 
between the incident electrons and the sample electrons. Similar to the emission of 
secondary electrons, the incident electron will collide with one of the inner shell electrons 
and cause a secondary electron to be ejected, leaving a hole. Once the secondary 
electrons leave, the atom is left in an excited state. To return back to a relaxed state, 
electrons from the outer shells fill the empty hole. (Dykstra & Reuss, 2003). Figure 1.14 
below illustrates this process, where arrow 1 illustrates the path taken by the incident 
electron beam, arrow 2 is the path of the secondary electron, and arrows 3 and 4 show 
electrons from the L and M shells, respectively, transiting to the lower orbitals. 
  
 
 
 
 
 
 
Figure 1.14: Illustration of X-Ray Emission (Dykstra & Reuss, 2003) 
 
The difference in energy between the two orbitals corresponds to the energy of 
the x-ray. These energies are specific to individual atomic numbers (Hafner & The 
Characterization Facility at University of Minnesota, n.d.). The figure below illustrates 
this concept. 
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Figure 1.15: Energy Levels for X-Ray Emission (Hafner, n.d.) 
 
 Both types of x-rays are utilized in the production of an Energy Dispersion 
Spectrum (EDS). An EDS detector collects x-rays using a crystal. Once the crystal 
absorbs the x-rays, free electrons are produced and cause an electrical reaction. The 
resulting voltages are proportional to the energies of the x-rays and are plotted against 
number of counts to produce an EDS spectrum (Goodge, 2016) (See Figure 1.16).  
 
  
 
 
 
 
 
Figure 1.16: EDS Analysis (Goodge, 2016) 
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 In the figure above, note in addition to the element symbol, there are additional 
notations next to each peak- Kα, Kβ, Lα, and Lβ. These correspond to the energy levels 
and transitions between those levels. K x-rays refer to the transitions of the electrons to 
the n=1 level or the K shell. Kα x-rays are from electrons transitioning from n= 2 to n=1 
levels. Kβ x-rays are from electrons transitioning from n= 3 (M shells) to n=1 level. If the 
electrons move from the n= L x-rays refer to the transitions to the n=2 level or the L 
shell.  Lα x-rays are produced from n=3 to n=2 transitions. Lβ x-rays are from n=4 to n=2 
transitions. This process is illustrated for the first five shells in Figure 1.17. (Nave & 
Department of Physics and Astronomy at Georgia State University, 2001a). 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 1.17: Electrons Levels and the Corresponding Variables (Nave & Department of 
Physics and Astronomy at Georgia State University, 2001b) 
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Chapter 2- Experimental Methods 
2.1- Concrete Discs 
 The first goal was to utilize scanning electron microscopy to identify the 
distribution of carbon nanofibers (CNF) in gypsum concrete discs infused with CNF. In 
order to accomplish this, 1 mm thick discs were created. Through trial and error, it was 
determined that approximately 5.15 g of gypsum cement and 2.5 g of water were 
sufficient, corresponding to a 2:1 ratio. The gypsum cement was weighed in a bowl on a 
digital scale. Water was slowly added to it to achieve the desired mass. When the samples 
with the CNF were created, the nanofibers were weighed separately on another digital 
scale and slowly mixed in with the cement before the water was added. After stirring for 
approximately 1 minute, the resulting mixture was poured into aluminum boats and set 
aside to dry for about 3-4 days. To prevent the cement mixture from sticking to the boat, 
weighing paper was cut into circles and placed inside the boat. A handle was cut out of 
the paper to allow easier removal of the concrete. After drying, the samples were 
packaged in bubble wrap and small plastic bags for shipment to the NOVA Center to be 
imaged with the Large Chamber Scanning Electron Microscope (LC-SEM).  
2.2- Concrete Cylinders 
 The second goal of the experiment was to determine the splitting tensile strength 
of the CNF-infused concrete. To achieve this goal, plastic cylinders with a height of 2 in 
and a diameter of 1 in were created. The size of the cylinders was dictated by the 
relatively high cost of the CNF. It was discovered that the 2:1 cement to water ratio used 
for the discs would not be effective. To determine how much cement would be required, 
the cylinder was packed with cement and the mass compared to that of the empty 
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cylinder. Multiple samples were created to identify how adding the water would affect 
the cement amount. It was determined that approximately 36 g of cement would result in 
a relatively small amount of sample being lost and would effectively fill the cylinder.  
 Initially, it was calculated that a 2.5:1 cement to water ratio would be sufficient. 
However, after further testing and research, it was determined that a 3.1:1 ratio was more 
in line with the manufacturer’s suggestions. The cement was weighed on a digital scale 
and set aside. To prevent excess evaporation of the water, the CNF were weighed next 
and slowly mixed into the cement. It was seen during the experiment that the carbon 
nanotubes were the most difficult to stir as their masses were smaller than the C60 or the 
graphene oxide and were more likely to float out of the bowl. The water was weighed in a 
separate bowl to prevent over-adding. After adding the water, the mixture was stirred by 
hand for approximately 3 minutes. The mixture was then poured slowly into the cylinder 
and placed on a Syntron vibrating table. The cylinder was vibrated for approximately 45-
60 seconds. The intensity of the vibrating table was difficult to determine due to the 
hardened concrete on the dial from previous use. However, the cylinders were vibrated at 
such a level that air bubbles began to form and the cylinders began to move. The 
cylinders were weighed and set aside to dry.  
 After three days, the concrete samples were removed from their cylinders using a 
soldering iron to cut the plastic. The figures below illustrate this method. 
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Figure 2.1: Front of Sample 2’-2    
 
 
 
 
 
 
Figure 2.2: Back of Sample 2’-3 
 After removing the columns, the heights and masses of the samples were 
recorded. Small pieces of wood were taped on the top and bottom of the sample. These 
were used as dampening agents between the load frame and the concrete. A small metal 
rod was taped on top to localize the pressure due to the load, as seen in Figure 2.3. 
 
 
 
 
 
Figure 2.3: Sample Prepared for Load Bearing Machine 
27 
 The concrete was placed in a Forney Compression Machine and compressed until 
it split. The final loads were recorded and converted to psi and MPa. When all of the data 
were collected, an Average Splitting Tensile Strength vs. CNF/Gypsum Cement Ratio 
plot was created to show the effect of the CNFs on the strength of the concrete columns. 
 The broken columns were transported to the NOVA Center to be imaged with the 
LC-SEM. Using variable pressure mode (due to the slight conductivity of the carbon), 
one sample from each percentage from each nanofiber category was imaged as a 
representative of the group. 
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Chapter 3- Results 
3.1- Discs 
3.1.1- Blanks 
 Blank discs were created and imaged so that the discs infused with CNF could be 
contrasted against them. In order to make the discs, multiple masses of cement and water 
were mixed together in a 2:1 ratio, respectively. After many trials, it was determined that 
a mass of 5.15 g of cement and 2.5 g of water were sufficient to make an approximately 1 
mm thick disc. Figure 3.1 below shows one of the blank samples. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Blank Gypsum Cement Sample 
3.1.2- Carbon Nanotubes 
 Table 1 below illustrates the masses of cement, water, and carbon nanotubes used 
to make the samples with the carbon nanotubes. The “C18” refers to the tray number 
where “C” stands for “Carbon” and “18” refers to the sample number. The numbering 
begins with C18 because the trial and error blank samples were initially labeled with a 
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“C.” The masses of cement, carbon nanotubes, and water for C29 are blank due to the 
fact that the masses listed for C28 were split between the two samples, with 5.67 g for 
C28 and 6.15 g for C29. 
 Table 3.1: Masses Used in Carbon Nanotubes (CNT) Discs Preparation 
 
Figure 3.2 below shows Samples C30 and C31 after they have been poured into 
the aluminum boats. The sheen on C31 is the reflection of the light overhead.  
 
 
 
 
 
 
 
 
Tray 
Number 
Mass of 
Cement 
(g) 
Percent of 
CNT (% by 
Mass) 
Mass of 
CNT (g) 
Mass of 
Water (g) 
Total Sample 
Mass (g) 
C18 5.15 0.10% 0.0052 2.31 7.02 
C19 5.15 0.10% 0.0051 2.5 6.48 
C20 5.15 0.20% 0.0103 2.33 6.18 
C21 5.16 0.20% 0.0103 2.49 6.35 
C21* 5.16 0.20% 0.0103 2.7 7.08 
C22 5.15 0.40% 0.0206 2.46 7.11 
C23 5.15 0.40% 0.0206 2.49 7.11 
C24 5.15 0.60% 0.0309 2.6 7.32 
C25 5.99 0.60% 0.0366 3.5 6.89 
C26 5.36 0.80% 0.0428 2.79 6.96 
C27 5.15 0.80% 0.0416 2.66 6.31 
C28 8.48 1.00% 0.0846 4.24 5.67 
C29 
 
1.00% 
  
6.15 
C30 5.15 0.80% 0.0413 2.62 7.77 
C31 5.17 1.00% 0.0513 2.84 7.81 
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Figure 3.2: Wet C30 and C31 Samples 
 
Figures 3.3 and 3.4 below show the samples after they dried for approximately 
twelve days. The remainder of the samples followed a similar drying pattern and were the 
only ones that turned dark due to the carbon additive. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Dry C30 Sample                                 
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Figure 3.4: Dry C31 Sample 
 
 The samples were transported to the NOVA Center after being removing from the 
pan. Figures 3.5- 3.7 below show BSD images obtained from the LC-SEM. In order of 
appearance, they illustrate 0.2%, 0.4%, 0.6% of carbon nanotubes in cement. The purpose 
of gathering BSD images was to identify areas where there was evidence of the carbon 
nanotubes connecting the gypsum particles together. The connections would be seen as 
either nanotubes acting as a bridge, holding the gypsum together, or a branch, where the 
nanotubes were not long enough to cross the divide. The places marked with the circles 
are places where there are possible carbon nanotubes protrusions. The circles do not 
illustrate the only places where there are nanotubes. They simply illustrate the most 
recognizable places. The flattened-like appearance of the images is possibly the result of 
the cement conforming to the shape of the aluminum boat. 
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Figure 3.5: BSD Image of 0.2% Carbon Nanotubes in Gypsum Cement. This image was taken at 3000xx magnification, with a 
working distance of 22 mm, and an electron beam voltage of 20 kV. 
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Figure 3.6: BSD Image of 0.4% Carbon Nanotubes in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 22 mm, and an electron beam voltage of 20 kV. 
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Figure 3.7: BSD Image of 0.8% Carbon Nanotubes in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 23 mm, and an electron beam of 20 kV. 
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It is likely that the images above show carbon nanotubes based on the fact that similar 
results were obtained in other studies (Gurumurthy et al., 2014). 
3.1.3- Buckminsterfullerene (C60) 
 Table 3.2 below illustrates the masses of cement, water, and C60 used to make the 
samples. To differentiate this carbon product from the previous carbon product, samples 
with C60 in them were simply denoted by numbers (1, 2, 3, etc.). The masses of cement, 
C60, and water for 2, 4, 7*, 6, 8, 10, 12, and 31 are blank because the previous samples 
were split into two trays. 7* and 7** are labeled with asterisks because one was 
mislabeled 7 when there was already a 7 prepared. Sample 13 was not divided because it 
was created to stay consistent with the original masses.  
Table 3.2: Masses Used in Buckminsterfullerene (C60) Discs Preparation 
 
Tray 
Number 
Mass of 
Cement (g) 
Percent of C60 
(% by Mass) 
Mass of 
C60 (g) 
Mass of 
Water (g) 
Total Sample 
Mass (g) 
1 9.03 1.00% 0.091 4.88 5.82 
2 
    
7.14 
3 25.00 0.80% 0.2 12.55 6.85 
4   
  
5.84 
7* 
    
5.42 
5 9.00 0.60% 0.667 4.36 7.37 
6 
    
5.75 
7** 9.003 0.40% 0.00449 3.98 7.72 
8 
    
4.26 
9 9.00 0.20% 0.0177 4.29 5.72 
10 
    
6.37 
11 9.00 0.1% 0.0085 4.07 6.69 
12 
    
5.47 
13 9.04 0.40% 0.0362 4.75 13.79 
30 8.9965 1.00% 0.0859 4.81 5.33 
31 
    
7.05 
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 Figure 3.8 below shows Sample 13 after it had been poured into the aluminum 
boats. The sheen on it is the reflection of the overhead light.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Wet Sample 13 (0.4% C60) 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Dry Sample 13 (0.4% C60) 
 
 Figure 3.9 shows the sample after it had dried for approximately twelve days. The 
remainder of the samples followed a similar drying pattern. 
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 As with the CNT samples, these samples were transported to the NOVA Center 
after being removing from the pan. Figures 3.10- 3.13 below show BSD images obtained 
from the LC-SEM. In order of appearance, they illustrate 0.2%, 0.6%, 0.8%, and 1.0% of 
C60 in the cement. The positions marked with the circles are places where there are 
possible C60 groups protruding out of the mixture and possibly connecting two pieces of 
gypsum cement together. The circles do not illustrate the only places where there are C60. 
They simply illustrate the most recognizable places. The flattened-like appearance of the 
images could be the result of the cement conforming to the shape of the aluminum boat. 
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Figure 3.10: BSD Image of 0.2% C60 in Gypsum Cement. This figure was taken at 3000x magnification, with a working distance of 21 
mm, and an electron beam voltage of 20 kV. 
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Figure 3.11: BSD Image of 0.6% C60 in Gypsum Cement. This figure was taken at 3000x magnification, with a working distance of 23 
mm, and an electron beam voltage of 20 kV. 
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Figure 3.12: BSD Image of 0.8% C60 in Gypsum Cement. This figure was taken at 3000x magnification, with a working distance of 23 
mm, and an electron beam voltage of 20 kV. The bright spot indicated by Arrow 1, is due to the carbon charging while in the LC-
SEM. 
1 
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Figure 3.13: BSD Image of 1.0% C60 in Gypsum Cement. This figure was taken at 3000x magnification, with a working distance of 23 
mm, and an electron beam voltage of 20 kV.
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3.1.4- Graphene Oxide 
 
 Table 3.3 below illustrates the masses of cement, water, and graphene oxide used 
to make the samples. To differentiate this carbon product from the previous carbon 
product, samples with graphene oxide in them were with labeled with a “G(number)”, 
with “G” referring to graphene oxide and the number referring to the sample number.  
Table 3.3:  Masses Used in Graphene Oxide (GO) Discs Preparation 
 
Figures 3.14 and 3.15 below show Samples G9 and G11 after they had dried for 
approximately five months. The cracking in Figure 3.15 was common in some of the 
Tray 
Number 
Mass of 
Cement (g) 
Percent of GO 
(% by Mass) 
Mass of 
GO (g) 
Mass of 
Water (g) 
Total Sample 
Mass (g)  
G1 5.15 0.10% 0.0051 2.74 7.89 
G2 5.15 0.10% 0.0051 2.69 7.84 
G3 5.15 0.20% 0.0103 2.57 7.72 
G4 5.14 0.20% 0.0103 2.59 7.73 
G5 5.15 0.40% 0.0207 2.79 7.93 
G6 5.15 0.40% 0.0207 3 8.15 
G7 5.15 0.60% 0.0309 2.67 7.82 
G8 5.15 0.60% 0.0309 3.01 8.16 
G9 5.15 0.80% 0.0412 2.59 7.74 
G10 5.15 0.80% 0.0413 2.98 8.13 
G11 5.15 1.00% 0.0515 2.6 7.75 
G12 5.15 1.00% 0.0516 2.6 7.75 
G13 5.15 1.00% 0.0515 2.8 7.95 
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samples. This did not hinder the process of imaging as the samples were broken in 
preparation for the LC-SEM anyway. 
 
 
 
 
 
 
 
 
 
Figure 3.14: Dry Sample G9 (0.8% GO) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15: Dry Sample G11 (1.0% GO) 
 
 As with the CNT samples, these samples were transported to the NOVA Center 
after being removing from the pan. Figures 3.16- 3.20 below show BSD images obtained 
from the LC-SEM. In order of appearance, they illustrate 0.1%, 0.4%, 0.6%, and 0.8% of 
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GO in the cement. The places marked with the circles are places where there are possible 
GO groups protruding out of the mixture and possibly connecting two pieces of gypsum 
cement together. The circles do not illustrate the only places where there are GO They 
simply illustrate the most recognizable places. The flattened-like appearance of the 
images could be the result of the cement conforming to the shape of the aluminum boat. 
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Figure 3.16: BSD Image of 0.1% Graphene Oxide in Gypsum Cement. This figure was taken at 3030x magnification, with a working 
distance of 22 mm, and an electron beam voltage of 20 kV. 
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Figure 3.17: BSD Image of 0.4% Graphene Oxide in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 22 mm, and an electron beam voltage of 20 kV. 
 
 
. 
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Figure 3.18: BSD Image of 0.6% Graphene Oxide in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 22 mm, and an electron beam voltage of 20 kV. 
48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19: BSD Image of 0.8% Graphene Oxide in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 23 mm, and an electron beam voltage of 20 kV.
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3.2- Cylinders 
3.2.1- Blanks 
 In order to create the blank cylinders, the correct amount of cement that the empty 
cylinder could hold had to be determined. This mass included the amount of dry cement 
and wet cement. Once an acceptable mass was determined, water was added in a 3.1:1 
ratio, as per manufacturer’s instructions. Table 3.4 below illustrates the actual masses of 
cement used, along with the theoretical and actual masses of water, carbon nanofiber 
additives, empty and full cylinder, and the approximate masses of water and cement in 
the mixture. Using these values, approximate cement: water ratios were calculated to 
verify the initial calculations. The blank samples are numbered 1(Letter) to denote the 
first samples made and the additional blanks. The numbering beings at 1E because 
previous samples were made with incorrect ratios and were labeled in alphabetical order. 
 Table 3.4: Masses Used in Blank Carbon Nanotubes (CNT) Cylinder Preparation 
 
Cylinder Label 1E 1F 1G 
Actual Cement (g) 36.01 36.012 36.013 
Theoretical Water (g) 11.616 11.6167 11.6171 
Actual Water (g) 11.616 11.617 11.617 
Theoretical CNT (g) 0 0 0 
Actual CNT (g) 0 0 0 
Mass of Empty Cylinder (g)  14.95 15.002 14.964 
Mass of Cylinder after Vibrating (g) 58.293 58.551 59.346 
Mass of Sample (g) 43.343 43.549 44.382 
Mass of Water (g) 10.571 10.622 10.825 
Mass of Cement (g) 32.771 32.927 33.557 
Cement: Water Ratio  3.10 3.099 3.10 
Approx. mass after curing (g)  40.348 38.714 41.166 
Approx. mass of water lost (g) 2.995 4.835 3.216 
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 Figures 3.20 and 3.21 show the blank samples right after being poured in and 
removed from the cylinders. When the first few blank samples were created, they were 
created under the experimental observation that the correct cement to water ratio was 
2.5:1. This ratio resulted in a seemingly adequate mixture. When it was determined that 
the correct ratio was 3.1:1, the samples with the new ratio were labeled with an asterisk.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20: Wet Samples 1E, 1F, and 1G (Blanks) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21: Dry Samples 1E, 1F, and 1G (Blanks) 
 
 The samples in Figure 3.21 are the blank samples after they had dried for four 
days and had been removed from the plastic cylinders. The new masses and heights were 
recorded and are illustrated in Table 3.5 below.  
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Table 3.5: Final Splitting Tensile Test Results for the Blank Cylinders 
 
 Table 3.5 also illustrates the maximum load of each sample and its conversion to 
psi and MPa. The load values were read off of the load bearing machine when the sample 
broke. Figures 3.22, 3.23, and 3.24 show the blank samples after they were retrieved from 
the machine. 
 
 
 
 
 
 
 
Figure 3.22- Sample 1E (Blank) After Being Broken 
  
 Sample 1E, like a few other samples, broke differently than the others. Normally, 
when concrete samples undergo a splitting tensile test, they tend to break down the 
middle. However, some of them, like Sample 1E, break into multiple pieces.  
Cylinder Label 1E  1F  1G 
Average Diameter (in) 0.9740 0.9749 0.9732 
Uncertainty in Diameter (in) 0.0005 0.0006 0.0005 
Average Height (in) 1.881 1.891 1.922 
Uncertainty in Height (in) 0.001 0.004 0.007 
Load (lbs) 1240 1630 1570 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 430.8 562.8 534.3 
Uncertainty in psi 3.5 3.7 3.9 
Splitting Tensile Strength (MPa) 2.97 3.88 3.68 
Uncertainty in MPa 0.02 0.03 0.03 
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Figure 3.23- Sample 1F (Blank) After Being Broken 
 
 
 
 
 
 
 
 
 
Figure 3.24- Sample 1G (Blank) After Being Broken 
  
 The maximum loads were converted to psi using the load values in Table 3.5 and 
Equation 2. The splitting tensile strength of Sample 1E was 300 ± 3 psi (2.05 ± 0.02 
MPa), Sample 1F was (3.47 ± 0.03) *102 psi (2.39 ± 0.02 MPa) and Sample 1G was (2.63 
± 0.03) *102 psi (1.81 ± 0.02 MPa) Once all the data were gathered, the samples were 
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transported to the NOVA Center for imaging. One sample was chosen as a representative 
of the blank group. Figure 3.25 below shows the BSD image of Sample 1E.  
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Figure 3.25: BSD Image of 0% Carbon Nanofibers in Gypsum Cement. This figure was taken at 3000x magnification, with a working 
distance of 27 mm, and an electron beam voltage of 20 kV. 
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 Figure 3.25 looks different than the previous figures due to the fact that the 
location of imaging was different. The discs produced images whose most identifiable 
pattern was the pattern from the aluminum pan. The columns were imaged such that the 
result from the tension test could be seen. The jagged pattern is the result of the columns 
splitting apart. This figure is consistent with other SEM images of gypsum cement 
(Carvalho, et al., 2008). 
3.2.2- Carbon Nanotubes (CNT) 
3.2.2.1- 0.1% CNT 
 Due to the initial shortage of available carbon nanofiber material, it was 
determined that three trials per carbon nanofiber and percentage would be created. The 
percentages used were 0.1%, 0.2%, and 0.8%. Table 3.6 illustrates the masses associated 
with the creation of 0.1% CNT. Using these values, approximate cement: water ratios 
were calculated to verify the initial calculations. The samples were labeled with “2A- 
Number,” where “2A” represented the 0.1% CNT category and the number referred to 
the sample. For instance, Sample 2A-2 was the second sample made in the 0.1% CNT 
category. 
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Table 3.6: Masses Used in 0.1% Carbon Nanotubes (CNT) Cylinder Preparation 
 
  
 Figures 3.26, 3.28, 3.30 show the freshly poured cement mixtures. Figures 3.27, 
3.29, and 3.31 show the concrete after a three-day curing period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.26: Wet Sample 2A (0.1% CNT)          Figure 3.27: Dry Sample 2A (0.1% CNT) 
Cylinder Label 2A 2A- 2 2A- 3 
Actual Cement (g) 36.012 36.010 36.011 
Theoretical Water (g) 11.617 11.616 11.616 
Actual Water (g) 11.597 11.617 11.616 
Theoretical CNT (g) 0.036 0.036 0.036 
Actual CNT (g) 0.036 0.037 0.036 
Mass of Empty Cylinder (g)  14.838 14.963 14.936 
Mass of Cylinder after Vibrating 
(g) 
60.695 60.927 60.554 
Mass of Sample (g) 45.857 45.964 45.618 
Mass of Water (g) 11.185 11.211 11.126 
Mass of Cement (g) 34.672 34.753 34.492 
Cement: Water Ratio  3.105 3.099 3.100 
Approx. mass after curing (g)  43.876 44.012 43.563 
Approx. mass of water lost (g) 1.981 1.952 2.055 
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Figure 3.28: Wet Sample 2A-2 (0.1% CNT)   Figure 3.29: Dry Sample 2A-2 (0.1% CNT) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30: Wet Sample 2A-3 (0.1% CNT)   Figure 3.31: Dry Sample 2A-3 (0.1% CNT) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are illustrated in Table 3.7 below. 
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Table 3.7: Splitting Tensile Test Results for the 0.1% CNT Cylinders 
 
 Table 3.7 also presents the maximum load of each sample and its conversion to 
psi and MPa. Figures 3.32, 3.33, and 3.34 show the samples after they were retrieved 
from the machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.32: Sample 2A (0.1% CNT) After Being Broken 
 
 
 
 
 
Cylinder Label 2A 2A- 2 2A- 3 
Average Diameter (in) 0.975 0.9746 0.9751 
Uncertainty in Diameter (in) 0.001 0.0008 0.0007 
Average Height (in) 1.964 1.968 1.965 
Uncertainty in Height (in) 0.005 0.003 0.001 
Load (lbs) 1590 1930 1630 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 528.8 640.7 541.6 
Uncertainty in psi 3.6 3.5 3.4 
Splitting Tensile Strength (MPa) 3.65 4.42 3.73 
Uncertainty in MPa 0.02 0.02 0.02 
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Figure 3.33: Sample 2A-2 (0.1% CNT) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.34: Sample 2A-3 (0.1% CNT) After Being Broken 
 
 The splitting tensile strengths were determined to be (5.29 ± 0.04) *102 psi (3.65 
± 0.02 MPa) for Sample 2A, (6.41 ± 0.03) *102 psi (4.42 ± 0.02 MPa) for Sample 2A-2, 
and (5.42 ± 0.03) *102 psi (3.73 ± 0.02 MPa) for Sample 2A-3. Once all the data were 
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gathered, the samples were transported to the NOVA Center for imaging. Figure 3.35 
below shows the BSD image of Sample 2A-2. 
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Figure 3.35: BSD Image of Sample 2A-2 (0.1% CNT). This figure was taken at 2000x magnification, with a working distance of 26 
mm, and an electron beam voltage of 20 kV. 
1 
2 
4 
3 
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 Figure 3.35 illustrates a possible strand of carbon nanotubes. The fractured gray 
crystals are the gypsum cement and the curved black shape is the strand. When compared 
to the rest of the strand, the area indicated by arrow 1 seems lighter in color. It is possible 
that the strand was split during breaking, where most of it stayed in one half of the 
column (or in the loose pieces) while this half contained the residue. Arrow 1 may be 
illustrating residue that was left. Arrow 2 illustrates part of the strand that had been lifted 
from the concrete, but wasn’t pulled completely out. This is evident by the appearance of 
depth to the right and bottom of the piece. Arrows 3 and 4 indicated overhanging pieces 
of gypsum concrete. This is evidence that after the strand was pulled from the cement, a 
valley was created that the cement overlooks. 
3.2.2.2- 0.2% CNT 
 Table 3.8 illustrates masses used in the creation of 0.2% CNT columns. Using 
these values, approximate cement: water ratios were calculated to verify the initial 
calculations. The samples were labeled with “2A- I- Number,” where “2A-I” represented 
the 0.2% CNT category and the number referred to the sample. For example, Sample 2A-
I- 2 was the second sample made in the 0.2% CNT category. 
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Table 3.8: Masses Used in 0.2% Carbon Nanotubes (CNT) Cylinder Preparation 
 
 Figures 3.36, 3.38, 3.40 show the freshly poured cement mixtures. Figures 3.37, 
3.39, and 3.41 show the concrete after a four-day curing period.
 
 
 
 
 
 
Figure 3.36: Wet Sample 2A-I-1 (0.2% 
CNT) 
 
 
 
 
 
Figure 3.37: Dry Sample 2A-I-1 (0.2% 
CNT) 
 
 
 
Cylinder Label 2A- I- 1 2A-I-2 2A-I-3 
Actual Cement (g) 36.011 36.012 36.013 
Theoretical Water (g) 11.616 11.617 11.617 
Actual Water (g) 11.617 11.617 11.617 
Theoretical CNT (g) 0.072 0.072 0.072 
Actual CNT (g) 0.073 0.072 0.072 
Mass of Empty Cylinder (g)  14.920 14.919 14.971 
Mass of Cylinder after Vibrating 
(g) 
60.40 60.365 61.318 
Mass of Sample (g) 45.480 45.446 46.347 
Mass of Water (g) 11.093 11.084 11.304 
Mass of Cement (g) 34.387 34.362 35.043 
Cement: Water Ratio  3.099 3.099 3.10 
Approx. mass after curing (g)  43.482 43.091 44.251 
Approx. mass of water lost (g) 1.998 2.355 2.096 
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Figure 3.38: Wet Sample 2A-I-2 (0.2% 
CNT) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.40: Wet Sample 2A-I-3 (0.2% 
CNT) 
 
 
Figure 3.39: Dry Sample 2A-I-2 (0.2% 
CNT) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.41: Dry Sample 2A-I-3 (0.2% 
CNT)
  
 After removing the dry samples, the new masses and heights were recorded and 
are presented in Table 3.9 below. 
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Table 3.9: Splitting Tensile Test Results for the 0.2% CNT Cylinders 
 
 Table 3.9 also gives the maximum load of each sample and its conversion to psi 
and MPa. Figures 3.42, 3.43, and 3.44 show the samples after they were retrieved from 
the machine. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.42: Sample 2A-I-1 (0.2% CNT) After Being Broken 
 
 
 
 
 
Cylinder Label 2A- I- 1 2A-I-2 2A-I-3 
Average Diameter (in) 0.9753 0.973 0.970 
Uncertainty in Diameter (in) 0.0008 0.001 0.002 
Average Height (in) 1.967 1.963 1.975 
Uncertainty in Height (in) 0.003 0.003 0.001 
Load (lbs) 1450 1630 1680 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 481.2 543.3 557.9 
Uncertainty in psi 3.4 3.5 3.6 
Splitting Tensile Strength (MPa) 3.32 3.75 3.85 
Uncertainty in MPa 0.02 0.02 0.02 
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Figure 3.43: Sample 2A-I-2 (0.2% CNT) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.44: Sample 2A-I-3 (0.2% CNT) After Being Broken 
 
 The splitting tensile strengths were determined to be (4.81 ± 0.03) *102 psi (3.32 
± 0.02 MPa) for Sample 2A-I-1, (5.43 ± 0.03) *102 psi (3.75 ± 0.02 MPa) for Sample 2A-
I-2, and (5.58 ± 0.04) *102 psi (3.85 ± 0.02 MPa) for Sample 2A-I-3. Once all the data 
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were gathered, the samples were transported to the NOVA Center for imaging. Figure 
3.43 below shows the BSD image of Sample 2A-I-2. 
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Figure 3.45: BSD Image of Sample 2A-I-2 (0.2% CNT). This figure was taken at 2000x magnification, with a working distance of 26 
mm, and an electron beam voltage of 20 kV. 
2 
1 
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 The area indicated by arrow 1 is possibly the remains of a carbon nanotube/ 
gypsum slurry bubble. When the sample was split, the bubble bust and dried. Arrow 2 
indicates a light gray substance that is possible gypsum cement. This piece of gypsum 
leads to the conclusion that the black shape is a hole and not carbon nanotubes. This is 
also evident by the appearance of the surrounding gypsum that seemingly hang over the 
hole and the cracks leading into the dried slurry. 
3.2.2.3- 0.8% CNT 
 Table 3.10 illustrates masses used in the creation of 0.8% CNT columns. Using 
these values, approximate cement: water ratios were calculated to verify the initial 
calculations. The samples were labeled with “2’-Number,” where “(2’)” represented the 
0.8% CNT category and the number referred to the sample. In this system, 2’ was the 
first sample made and 2’-1 was the second sample made in the 0.8% CNT category. 
Sample 2’-2 was remade due to the fact that it broke at a relatively low load value. The 
new sample was labeled 2’-2 R, where R indicated “Remake”. 
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Table 3.10: Masses Used in 0.8% Carbon Nanotubes (CNT) Cylinder Preparation 
  
 Figures 3.46, 3.48, 3.50 show the freshly poured cement mixtures. Figures 3.47, 
3.49, and 3.51 show the concrete after a four-day curing period
 
 
 
 
 
 
 
 
 
 
Figure 3.46: Wet Sample 2’ (0.8% CNT) Figure 3.47: Dry Sample 2’ (0.8% CNT) 
Cylinder Label 2' 2'-1 2'-2 2'-2 R 
Actual Cement (g) 36.012 36.013 36.014 36.012 
Theoretical Water (g) 11.617 11.617 11.617 11.617 
Actual Water (g) 11.596 11.618 11.617 11.598 
Theoretical CNT (g) 0.288 0.288 0.288 0.288 
Actual CNT (g) 0.288 0.289 0.289 0.288 
Mass of Empty Cylinder (g)  15.099 14.913 15.041 14.842 
Mass of Cylinder after 
Vibrating (g) 
62.052 61.326 61.814 61.756 
Mass of Sample (g) 46.953 46.413 46.773 46.914 
Mass of Water (g) 11.452 11.320 11.408 11.442 
Mass of Cement (g) 35.501 35.093 35.364 35.472 
Cement: Water Ratio  3.105 3.099 3.10 3.105 
Approx. mass after curing 
(g)  
44.643 44.286 44.33 44.801 
Approx. mass of water lost 
(g) 
2.310 2.127 2.443 2.113 
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Figure 3.48: Wet Sample 2’-1 (0.8% 
CNT) 
 
Figure 3.50: Wet Sample 2’-2 (0.8% 
CNT) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.49: Dry Sample 2’-1 (0.8% 
CNT 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.51: Dry Sample 2’-2 (0.8% 
CNT) 
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 After removing the dry samples, the new masses and heights were recorded and 
are presented in Table 3.11 below. 
Table 3.11: Splitting Tensile Test Results for the 0.8% CNT Cylinders 
 
 As seen in the table above, Sample 2’-2 broke at a load value of 960 lbs. This is a 
much lower value than the first two samples, which broke at 1060 lbs and 1660 lbs. In an 
attempt to retrieve a larger load, the Sample 2’-2 was remade. However, the remake 
broke at an even lower load value of 780 lbs. After comparing the results to each other, it 
was determined that Sample 2’-1 would be considered an outlier and therefore was not 
included in the final calculations and graphs. Tables and graphs with the outlier can be 
found in Appendices 6, 8, and 9 for comparison. Figures 3.52, 3.53, and 3.54 below show 
the samples after they were retrieved from the load bearing machine. 
 
 
 
Cylinder Label 2' 2'-1 2'-2 2'-2 R 
Average Diameter (in) 0.976 0.9741 0.9748 0.9755 
Uncertainty in Diameter 
(in) 
0.001 0.0009 0.0009 0.0009 
Average Height (in) 2.002 1.984 1.993 2.013 
Uncertainty in Height (in) 0.002 0.002 0.004 0.008 
Load (lbs) 1060 1660 960 780 
Uncertainty in Load (lbs) 10.0 10.0 10.0 10.0 
Splitting Tensile Strength 
(psi) 
345.6 546.8 314.6 252.9 
Uncertainty in psi 3.3 3.4 3.3 3.4 
Splitting Tensile Strength 
(MPa) 
2.38 3.77 2.17 1.74 
Uncertainty in MPa 0.02 0.02 0.02 0.02 
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Figure 3.52: Sample 2’ (0.8% CNT) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.53: Sample 2’-2R (0.8% CNT) After Being Broken 
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Figure 3.54: Sample 2’-2 (0.8% CNT) After Being Broken 
 
 The splitting tensile strengths were determined to be (3.46 ± 0.03) *102 psi (2.38 
± 0.02 MPa) for Sample 2’, (5.47 ± 0.03) *102 psi (3.77 ± 0.02 MPa) for Sample 2’-1, 
and (3.15 ± 0.03) *102 psi (2.17 ± 0.02 MPa) for Sample 2’-2. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.55 
below shows the BSD image of Sample 2’-2. 
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Figure 3.55: BSD Image of Sample 2’-2 (0.8% CNT). This figure was taken at 2500x magnification, with a working distance of 23 
mm, and an electron beam of 20 kV.
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 The dark area arching from the top right to the bottom left is possible residue 
from a group of carbon nanotubes. It is possible that when this sample was split, most the 
of carbon structure stayed in the other half or in the loose pieces that were present and 
left the residue in this half. The residue seems to have dried and cracked in multiple 
areas. The light gray pieces inside and surrounding the residue are gypsum cement 
particles.  
 After all the samples were tested, the strength values were averaged together and 
a tensile strength vs. carbon percentage graph was created using the strength and 
uncertainty data found in Tables 3.5, 3.7, 3.9, and 3.11. Figure 3.56 below illustrates the 
resulting relationship.  
Figure 3.56: Splitting Tensile Strength vs. Carbon Nanotubes Concentration 
 
 Figure 3.56 presents a general decrease in strength as the ratio of CNT to gypsum 
increases. This decrease is consistent with previous results on the relationship between 
a = 600 ± 30 (psi)
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split tensile strength, compression strength, and gypsum mortar (Sabnis and White, 
1967). 
 Using Equation 4 and the values presented in Appendices 10 and 11, compressive 
strengths from Sabnis and White (1967) were converted to approximate splitting tensile 
strengths and plotted against the aggregate/gypsum ratios. Figure 3.57 below shows the 
resulting trend. 
 
Figure 3.57: Splitting Tensile Strengths of Various Aggregate Ratios 
 
 From the figure above, it can be seen that there is a general downward trend, 
independent of water to gypsum (W/G) content. As the aggregate/gypsum ratio increases, 
the resulting strengths of the samples decreases. 
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3.2.3- Buckminsterfullerene (C60) 
3.2.3.1- 0.1% C60 
 Table 3.12 illustrates masses used in the creation of 0.1% C60 columns. Using 
these values, approximate cement: water ratios were calculated to verify the initial 
calculations. The samples were labeled with “3B- Number,” where “3B” represented the 
0.1% C60 category and the number referred to the sample. For example, Sample 3B-1 was 
the first sample made in the 0.1% C60 category. 
 Table 3.12: Masses Used in 0.1% Buckminsterfullerene (C60) Cylinder Preparation 
 
 Figures 3.58, 3.60, 3.62 show the freshly poured cement mixtures. Figures 3.59, 
3.61, and 3.63 show the concrete after a four-day curing period.  
 
 
 
 
Cylinder Label 3B- 1 3B- 2 3B-3 
Actual Cement (g) 36.011 36.012 36.012 
Theoretical Water (g) 11.616 11.617 11.617 
Actual Water (g) 11.576 11.616 11.617 
Theoretical C60(g) 0.036 0.036 0.036 
Actual C60(g) 0.036 0.036 0.036 
Mass of Empty Cylinder (g)  15.063 15.038 14.941 
Mass of Cylinder after Vibrating 
(g) 
61.284 60.50 60.640 
Mass of Sample (g) 46.221 45.462 45.699 
Mass of Water (g) 11.273 11.088 11.1460 
Mass of Cement (g) 34.948 34.374 34.553 
Cement: Water Ratio  3.111 3.10 3.099 
Approx. mass after curing (g)  44.261 43.320 43.668 
Approx. mass of water lost (g) 1.96 2.142 2.031 
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Figure 3.58: Wet Sample 3B-1 (0.1% 
C60) 
 
 
 
 
 
 
Figure 3.60: Wet Sample 3B-2 (0.1% 
C60) 
 
 
 
 
 
 
 
 
 
Figure 3.59: Dry Sample 3B-1 (0.1% 
C60) 
 
 
 
 
Figure 3.61: Dry Sample 3B-2 (0.1% 
C60) 
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Figure 3.62: Wet Sample 3B-3 (0.1% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.63: Dry Sample 3B-3 (0.1% 
C60) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are presented in Table 3.13 below. 
Table 3.13: Splitting Tensile Test Results for the 0.1% C60 Cylinders 
 
Cylinder Label 3B- 1  3B- 2 3B-3 
Average Diameter (in) 0.973 0.9723 0.974 
Uncertainty in Diameter (in) 0.001 0.0008 0.001 
Average Height (in) 1.979 1.9664 1.969 
Uncertainty in Height (in) 0.002 0.0007 0.001 
Load (lbs) 950 1590 1990 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 313.9 529.4 660.5 
Uncertainty in psi 3.3 3.4 3.4 
Splitting Tensile Strength (MPa) 2.16 3.65 4.55 
Uncertainty in MPa 0.02 0.02 0.02 
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 Table 3.14 also illustrates the maximum load of each sample and its conversion to 
psi and MPa. Figures 3.64, 3.65, and 3.66 show the samples after they were retrieved 
from the machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.64: Sample 3B-1 (0.1% C60) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.65: Sample 3B-2 (0.1% C60) After Being Broken 
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Figure 3.66: Sample 3B-3 (0.1% C60) After Being Broken 
 
 The splitting tensile strengths were determined to be (3.13 ± 0.03) *102 psi (2.16 
± 0.02 MPa) for Sample 3B-1, (5.29 ± 0.03) *102 psi (3.65 ± 0.02 MPa) for Sample 3B-2, 
and (6.60 ± 0.03) *102 psi (4.55 ± 0.02 MPa) for Sample 3B-3. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.67 
below shows the BSD image of Sample 3B-3. 
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Figure 3.67: BSD Image of Sample 3B-3 (0.1% C60). This figure was taken at 1000x magnification, with a working distance of 23 
mm, and an electron beam voltage of 20 kV. 
1 
2 
3 
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The black portion of the image is thought to be strands of C60. It is possible that this is a portion of a larger piece that 
was fractured in multiple places when the sample was broken. Arrows 1-3 indicated areas of different heights and depths that 
verify this possibility. To put the image in perspective, Figure 3.68 shows the same piece, but at 250x magnification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.68: BSD Image of Sample 3B-3 (0.1% C60) 
1 
2 
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 Arrow 1 indicates another area where the strand was broken. The position of the 
strand suggests that it lay parallel with the concrete. The jagged nature of the entire piece 
provides evidence that this strand was ripped unevenly while the concrete column was 
being split in two. Arrow 2 shows a piece of the gypsum cement that has fallen on top of 
the C60 strand.   
3.2.3.2- 0.2% C60 
Table 3.14 presents masses used in the creation of 0.2% C60 columns. Using these values, 
approximate cement: water ratios were calculated to verify the initial calculations. The 
samples were labeled with “3B- I- Number,” where “3B-I” represented the 0.2% C60 
category and the number referred to the sample. For example, Sample 3B-I- 2 was the 
second sample made in the 0.2% C60 category. 
 Table 3.14: Masses Used in 0.2% Buckminsterfullerene (C60) Cylinder Preparation 
 
 Figure 3.69, 3.71, and 3.73 show the freshly poured cement mixtures. Figures 
3.70, 3.72, and 3.74 show the concrete after a four-day curing period. 
Cylinder Label 3B-I-1 3B-I-2 3B-I-3 
Actual Cement (g) 36.012 36.012 36.011 
Theoretical Water (g) 11.617 11.617 11.616 
Actual Water (g) 11.617 11.618 11.616 
Theoretical C60 (g) 0.072 0.072 0.072 
Actual C60 (g) 0.072 0.072 0.072 
Mass of Empty Cylinder (g)  15.014 14.985 15.057 
Mass of Cylinder after Vibrating 
(g) 
60.817 60.73 61.128 
Mass of Sample (g) 45.803 45.745 46.071 
Mass of Water (g) 11.171 11.157 11.237 
Mass of Cement (g) 34.631 34.588 34.834 
Cement: Water Ratio  3.099 3.099 3.10 
Approx. mass after curing (g)  43.480 43.397 43.849 
Approx. mass of water lost (g) 2.323 2.348 2.222 
86 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.69: Wet Sample 3B-I-1 (0.2% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.71: Wet Sample 3B-I-2 (0.2% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.70: Dry Sample 3B-I-1 (0.2% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.72: Dry Sample 3B-I-2 (0.2% 
C60) 
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Figure 3.73: Wet Sample 3B-I-2 (0.2% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.74: Dry Sample 3B-I-3 (0.2% 
C60) 
 After removing the dry samples, the new masses and heights were recorded and 
are presented in Table 3.15 below. 
Table 3.15: Splitting Tensile Test Results for the 0.2% C60 Cylinders 
Cylinder Label 3B-I-1 3B-I-2 3B-I-3 
Average Diameter (in) 0.9722 0.968 0.969 
Uncertainty in Diameter (in) 0.0006 0.003 0.002 
Average Height (in) 1.966 1.964 1.9690 
Uncertainty in Height (in) 0.001 0.001 0.0006 
Load (lbs) 1460 1680 1210 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 486.2 562.4 403.9 
Uncertainty in psi 3.4 3.8 3.5 
Splitting Tensile Strength (MPa) 3.35 3.88 2.78 
Uncertainty in MPa 0.02 0.03 0.02 
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 Table 3.15 also illustrates the maximum load of each sample and its conversion to 
psi and MPa. Figures 3.75, 3.76, and 3.77 show the samples after they were retrieved 
from the machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.75: Sample 3B-I-1 (0.2% C60) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.76: Sample 3B-I-2 (0.2% C60) After Being Broken 
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Figure 3.77: Sample 3B-I-3 (0.2% C60) After Being Broken 
 
 The splitting tensile strengths were determined to be (4.86 ± 0.03) *102 psi (3.35 
± 0.02 MPa) for Sample 3B-I-1, (5.62 ± 0.04) *102 psi (3.88± 0.03 MPa) for Sample 3B-
I-2, and (4.04 ± 0.03) *102 psi (2.78 ± 0.02 MPa) for Sample 3B-I-3. Once all the data 
were gathered, the samples were transported to the NOVA Center for imaging. Figure 
3.78 below shows the BSD image of Sample 3B-I-2. 
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Figure 3.78: BSD Image of Sample 3B-I-2 (0.2% C60). This figure was taken at 250x magnification with a working distance of 25 mm 
and an electron beam voltage of 20 kV. 
1 
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It is possible that the black portion seen above was part of a larger piece that tore 
unevenly when it was pulled apart during the tensile testing. The ragged section indicated 
by Arrow 1 is evidence of uneven tearing.  
3.2.3.3- 0.8% C60 
 Table 3.16 illustrates masses used in the creation of 0.8% C60 columns. Using 
these values, approximate cement: water ratios were calculated to verify the initial 
calculations. The samples were labeled with “4’-Number” where (4’) represented the 
0.8% C60 category and the number referred to the sample. For example, Sample 4’-1 was 
the second sample made in the 0.8% C60 category. 
Table 3.16: Masses Used in 0.8% Buckminsterfullerene (C60) Cylinder Preparation 
 
 Figures 3.79, 3.81, and 3.83 show the freshly poured cement mixtures. Figures 3.80, 
3.82, and 3.84 show the concrete after a four-day curing period. 
Cylinder Label 4' 4'-1 4'-2 
Actual Cement (g) 36.012 36.012 36.011 
Theoretical Water (g) 11.617 11.617 11.616 
Actual Water (g) 11.530 11.617 11.616 
Theoretical C60 (g) 0.288 0.288 0.288 
Actual C60 (g) 0.288 0.288 0.288 
Mass of Empty Cylinder (g)  15.083 14.977 14.909 
Mass of Cylinder after Vibrating 
(g) 
61.248 60.479 59.718 
Mass of Sample (g) 46.165 45.502 44.809 
Mass of Water (g) 11.259 11.098 10.929 
Mass of Cement (g) 34.905 34.404 33.879 
Cement: Water Ratio  3.123 3.099 3.10 
Approx. mass after curing (g)  44.17 43.355 42.596 
Approx. mass of water lost (g) 1.995 2.147 2.213 
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Figure 3.79: Wet Sample 4’ (0.2% C60)  
 
 
Figure 3.81: Wet Sample 4’-1 (0.2% 
C60) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.80: Dry Sample 4’ (0.2% C60) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.82: Dry Sample 4’-1 (0.2% C60) 
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Figure 3.83: Wet Sample 4’-2 (0.2% 
C60)  
 
 
 
 
 
 
 
 
 
 
Figure 3.84: Dry Sample 4’-2 (0.2% C60) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are given in in Table 3.17 below. 
 Table 3.17: Splitting Tensile Test Results for the 0.8% C60 Cylinders 
 
 
Cylinder Label 4' 4'-1 4'-2 
Average Diameter (in) 0.975 0.972 0.9734 
Uncertainty in Diameter (in) 0.001 0.001 0.0004 
Average Height (in) 1.975 1.9614 1.930 
Uncertainty in Height (in) 0.003 0.0006 0.003 
Load (lbs) 1580 1210 1630 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 522.6 403.9 552.01 
Uncertainty in psi 3.5 3.4 3.5 
Splitting Tensile Strength (MPa) 3.60 2.78 3.81 
Uncertainty in MPa 0.02 0.02 0.02 
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 Table 3.17 also shows the maximum load of each sample and its conversion to psi 
and MPa. Figures 3.85, 3.86, and 3.87 show the samples after they were retrieved from 
the machine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.85: Sample 4’ (0.8% C60) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.86: Sample 4’-1 (0.8% C60) After Being Broken 
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Figure 3.87: Sample 4’-2 (0.8% C60) After Being Broken 
 
 The splitting tensile strengths were determined to be (5.23 ± 0.03) *102 psi (3.60 
± 0.02 MPa) for Sample 4’, (4.04 ± 0.03) *102 psi (2.78 ± 0.02 MPa) for Sample 4’-1, 
and (5.52 ± 0.03) *102 psi (3.81 ± 0.02 MPa) for Sample 4’-2. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.88 
below shows the BSD image of Sample 4’-1. 
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Figure 3.88: BSD Image of Sample 4’-1 (0.8%) C60. This figure was taken at 1000x magnification, with a working distance of 23 mm, 
and an electron beam voltage of 20 kV.
1 
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 It is possible that the dark mass towards the top of the image is the remains of a 
larger strand of C60 that bridged across the concrete column. When the column was split 
during test, this particular strand was cut smooth, instead of jagged as in the previous 
images. The area indicated by arrow 1 shows the nanofiber pointing out of the gypsum. 
The depth is visible possibly due gypsum being brushed away during imaging preparation, 
broken away during testing, or loss during transport.  
 After all the samples were tested, the strength values were average together and a 
tensile strength vs. carbon percentage graph was created using the strength and 
uncertainty data found in Tables 3.5, 3.14, 3.16, and 3.18. Figure 3.93 below illustrates 
the resulting relationship.  
Figure 3.89: Average Splitting Tensile Strength vs. C60 Concentration 
 
 Figure 3.89 illustrates there is no clear trend associated between splitting tensile 
strength and the addition of more nanofibers. Due to the lack of data pertaining to .003 
(0.3%) and .007 (0.7%), no definitive conclusion can be reached.  
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3.2.4- Graphene Oxide (GO) 
3.2.4.1- 0.1% GO 
 Table 3.18 presents masses used in the creation of 0.1% C60 columns. Using these 
values, approximate cement: water ratios were calculated to verify the initial calculations. 
The samples were labeled with “5’- Number,” where (5’) represented the 0.1% GO 
category and the number referred to the sample. For example, Sample 5’-1 was the 
second sample made in the 0.1% GO category. 
Table 3.18: Masses Used in 0.1% Graphene Oxide (GO) Cylinder Preparation 
 
 Figures 3.90, 3.92, and 3.94 show the freshly poured cement mixtures. Figures 3.91, 
3.93, and 3.95 show the concrete after a four-day curing period.
Cylinder Label 5' 5'-1 5'-2 
Actual Cement (g) 36.012 36.011 36.011 
Theoretical Water (g) 11.617 11.616 11.616 
Actual Water (g) 11.605 11.616 11.616 
Theoretical C60 (g) 0.036 0.036 0.036 
Actual C60 (g) 0.036 0.036 0.036 
Mass of Empty Cylinder (g)  15.054 14.961 15.007 
Mass of Cylinder after Vibrating 
(g) 
60.860 61.563 60.864 
Mass of Sample (g) 45.806 46.602 45.857 
Mass of Water (g) 11.172 11.366 11.185 
Mass of Cement (g) 34.634 35.236 34.672 
Cement: Water Ratio  3.103 3.10 3.10 
Approx. mass after curing (g)  43.768 44.455 43.659 
Approx. mass of water lost (g) 2.038 2.147 2.198 
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Figure 3.90: Wet Sample 5’ (0.1% GO)          Figure 3.91: Dry Sample 5’ (0.1% GO) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.92: Wet Sample 5’-1 (0.1% 
GO) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.93: Dry Sample 5’-1 (0.1% 
GO) 
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Figure 3.94: Wet Sample 5’-2 (0.1% 
GO) 
 
 
 
 
 
 
 
 
 
 
Figure 3.95: Dry Sample 5’-2 (0.1% 
GO) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are presented in Table 3.19 below. 
Table 3.19: Splitting Tensile Test Results for the 0.1% Graphene Oxide Cylinders 
 
 Table 3.19 also illustrates the maximum load of each sample and its conversion to 
psi and MPa. Figures 3.96, 3.97 and 3.98 show the samples after they were retrieved from 
the machine. 
Cylinder Label 5' 5'-1 5'-2 
Average Diameter (in) 0.974 0.969 0.971 
Uncertainty in Diameter (in) 0.001 0.001 0.001 
Average Height (in) 1.974 1.976 1.968 
Uncertainty in Height (in) 0.003 0.002 0.002 
Load (lbs) 1710 1530 1930 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 566.1 508.9 643.2 
Uncertainty in psi 3.4 3.5 3.5 
Splitting Tensile Strength (MPa) 3.90 3.51 4.43 
Uncertainty in MPa 0.02 0.02 0.02 
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Figure 3.96: Sample 5’ (0.1% GO) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.97: Sample 5’-1 (0.1% GO) After Being Broken 
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Figure 3.98: Sample 5’-2 (0.1% GO) After Being Broken 
  
 The splitting tensile strengths were determined to be (5.66 ± 0.03) *102 psi (3.90 
± 0.02 MPa) for Sample 5’, (5.09 ± 0.03) *102 psi (3.51 ± 0.02 MPa) for Sample 5’-1, 
and (6.43± 0.03) *102 psi (4.43 ± 0.02 MPa) for Sample 5’-2. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.99 
below shows the BSD image of Sample 5’-1. 
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Figure 3.99: BSD Image of Sample 5’-1 (0.1%) GO. This figure taken at 1.2k x magnification, with a working distance of 23 mm, and 
an electron beam voltage of 20 kV.
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 It illustrates multiple sheets of graphene oxide within the gypsum concrete. It is 
possible that the jagged nature of the edge of the sheets is due to the tearing of the 
graphene oxide during sample testing. When the sample broke, half of the graphene oxide 
sheet stayed in this half of the cylinder and the rest may have stayed in the other half.  
3.2.4.2- 0.2% GO 
 Table 3.20 p masses used in the creation of 0.2% GO columns. Using these 
values, approximate cement: water ratios were calculated to verify the initial calculations. 
The samples were labeled with “5A- Number,” where “5A” represented the 0.2% GO 
category and the number referred to the sample. For example, Sample 5A-1 was the first 
sample made in the 0.2% GO category. 
Table 3.20: Masses Used in 0.2% Graphene Oxide (GO) Cylinder Preparation 
 
Cylinder Label 5A-1 5A-2 5A-3 
Actual Cement (g) 36.011 36.012 36.012 
Theoretical Water (g) 11.616 11.617 11.617 
Actual Water (g) 11.607 11.617 11.588 
Theoretical C60 (g) 0.072 0.072 0.072 
Actual C60 (g) 0.072 0.072 0.072 
Mass of Empty Cylinder (g)  15.09 15.055 15.057 
Mass of Cylinder after Vibrating 
(g) 
60.981 61.268 61.031 
Mass of Sample (g) 45.891 46.213 45.974 
Mass of Water (g) 11.193 11.271 11.213 
Mass of Cement (g) 34.698 34.941 34.761 
Cement: Water Ratio  3.102 3.099 3.108 
Approx. mass after curing (g)  43.734 44.051 43.920 
Approx. mass of water lost (g) 2.157 2.162 2.054 
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 Figures 3.100, 3.102, and 3.104 show the freshly poured cement mixtures. Figures 
3.101, 3.103, and 3.105 show the concrete after a four-day curing period.
 
 
 
 
 
 
 
 
 
Figure 3.100: Wet Sample 5A-1 (0.2% 
GO) 
 
 
 
 
 
 
 
 
 
Figure 3.101: Dry Sample 5A-1 (0.2% 
GO) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.102: Wet Sample 5A-2 (0.2% 
GO) 
 
 
 
 
 
 
 
 
 
 
Figure 3.103: Dry Sample 5A-2 (0.2% 
GO) 
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Figure 3.104: Wet Sample 5A-3 (0.2% 
GO) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.105: Dry Sample 5A-3 (0.2% 
GO) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are shown in Table 3.21 below. 
Table 3.21: Splitting Tensile Test Results for the 0.2% Graphene Oxide Cylinders 
Cylinder Label 5A-1 5A-2 5A-3 
Average Diameter (in) 0.976 0.973 0.972 
Uncertainty in Diameter (in) 0.001 0.002 0.002 
Average Height (in) 1.975 1.974 1.969 
Uncertainty in Height (in) 0.004 0.002 0.002 
Load (lbs) 1070 1480 1530 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 353.3 490.4 508.7 
Uncertainty in psi 3.4 3.5 3.5 
Splitting Tensile Strength (MPa) 2.44 3.38 3.51 
Uncertainty in MPa 0.02 0.02 0.02 
 
 Table 3.21 also shows the maximum load of each sample and its conversion to psi 
and MPa. Figures 3.106, 3.107, and 3.108 show the samples after they were retrieved 
from the machine. 
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Figure 3.106: Sample 5A-1 (0.2% GO) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.107: Sample 5A-2 (0.2% GO) After Being Broken 
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Figure 3.108: Sample 5A-3 (0.2% GO) After Being Broken 
  
 The splitting tensile strengths were determined to be (3.53 ± 0.03) *102 psi (2.44 
± 0.02 MPa) for Sample 5A-1, (4.90 ± 0.03) *102 psi (3.38 ± 0.02 MPa) for Sample 5A-
2, and (5.01± 0.03) *102 psi (3.51± 0.02 MPa) for Sample 5A-3. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.109 
below shows the BSD image of Sample 5A-2. 
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Figure 3.109: BSD Image of Sample 5A-2 (0.2% GO). This figure was taken at 1.5k x magnification, with a working distance of 26 
mm, and an electron beam voltage of 20 kV
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2 
3 
4 
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 This figure also displays multiple sheets of graphene oxide within the gypsum 
concrete. It is possible that the jagged nature of the edge of the sheets is due to the tearing 
of the graphene oxide during sample testing. Arrow 1 indicates one of the possible 
graphene oxide sheets. Arrow 2 indicates a possible incident of graphene oxide residue. It 
is possible that a slurry of graphene oxide, gypsum, and water dried and cracked, as 
indicated by arrows 3-5. This type of phenomenon was also shown in Figures 3.55 and 
3.88. 
3.2.4.3- 0.8% GO 
 Table 3.22 presents the masses used in the creation of 0.8% GO columns. Using 
these values, approximate cement: water ratios were calculated to verify the initial 
calculations. The samples were labeled with “6’- Number,” where (6’) represented the 
0.8% GO category and the number referred to the sample. For example, Sample 6’-1 was 
the second sample made in the 0.2% GO category. 
Table 3.22: Masses Used in 0.8% Graphene Oxide (GO) Cylinder Preparation 
Cylinder Label 6' 6'-1 6'-2 
Actual Cement (g) 36.012 36.011 36.011 
Theoretical Water (g) 11.617 11.616 11.616 
Actual Water (g) 11.538 11.520 11.518 
Theoretical C60 (g) 0.288 0.288 0.288 
Actual C60 (g) 0.288 0.288 0.288 
Mass of Empty Cylinder (g)  15.015 15.003 15.036 
Mass of Cylinder after Vibrating 
(g) 
61.147 60.977 61.684 
Mass of Sample (g) 46.132 45.974 46.648 
Mass of Water (g) 11.252 11.213 11.378 
Mass of Cement (g) 34.880 34.761 35.270 
Cement: Water Ratio  3.121 3.126 3.126 
Approx. mass after curing (g)  44.008 44.031 44.527 
Approx. mass of water lost (g) 2.124 1.943 2.121 
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 Figures 3.110, 3.112, and 3.114 show the freshly poured cement mixtures. Figures 
3.111, 3.113, and 3.115 show the concrete after a four-day curing period.
 
 
 
 
 
 
 
 
 
 
Figure 3.110: Wet Sample 6’ (0.8% GO) 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.111: Dry Sample 6’ (0.8% GO) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.112: Wet Sample 6’-1 (0.8% 
GO) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.113: Dry Sample 6’-1 (0.8% 
GO) 
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Figure 3.114: Wet Sample 6’-2 (0.8% 
GO)             
 
 
 
 
 
 
 
 
 
 
 
Figure 3.115: Dry Sample 6’-2(0.8% 
GO) 
  
 After removing the dry samples, the new masses and heights were recorded and 
are given in Table 3.23 below. 
Table 3.23: Splitting Tensile Test Results for the 0.8% Graphene Oxide Cylinders 
 
Table 3.23 also gives the maximum load of each sample and its conversion to psi 
and MPa. Figures 3.116, 3.117, and 3.118 show the samples after they were retrieved 
from the machine. 
Cylinder Label 6' 6'-1 6'-2 
Average Diameter (in) 0.9736 0.9714 0.9712 
Uncertainty in Diameter (in) 0.0009 0.0008 0.001 
Average Height (in) 1.980 1.988 1.981 
Uncertainty in Height (in) 0.001 0.003 0.003 
Load (lbs) 1300 1460 1520 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 429.3 481.2 502.7 
Uncertainty in psi 3.3 3.4 3.5 
Splitting Tensile Strength (MPa) 2.96 3.32 3.50 
Uncertainty in MPa 0.02 0.02 0.02 
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Figure 3.116: Sample 6’ (0.8% GO) After Being Broken 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.117: Sample 6’-1 (0.8% GO) After Being Broken 
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Figure 3.118: Sample 6’-2 (0.8% GO) After Being Broken 
 
 The splitting tensile strengths were determined to be (4.29 ± 0.03) *102 psi (2.96 
± 0.02 MPa) for Sample 6’, (4.81 ± 0.03) *102 psi (3.32 ± 0.02 MPa) for Sample 6’-2, 
and (5.03± 0.03) *102 psi (3.50± 0.02 MPa) for Sample 6’-3. Once all the data were 
gathered, the samples were transported to the NOVA Center for imaging. Figure 3.119 
below shows the BSD image of Sample 6’-1. 
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Figure 3.119: BSD Image of Sample 6’-1 (0.8% GO). This figure was taken at 1.5k x magnification, with a working distance of 23 
mm, and an electron beam voltage of 20 kV
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 Figure 3.119 shows a sheet-like mass of graphene oxide surrounded by gypsum 
crystals. It is possible that during splitting, this mass was somehow partially pulled away 
from the surrounding gypsum. This is evident by the upturned nature of the area indicated 
by arrow 1, the gypsum crystals stuck on the mass (arrow 2), and the flatness of the upper 
area (arrow 3). 
 
 After all the samples were tested, the strength values were averaged together and 
a plot of Average Splitting Tensile Strength vs. Graphene Oxide/Gypsum Cement Ratio 
was created using the strength and uncertainty data found in Tables 3.5, 3.19, 3.21, and 
3.23. Figure 3.120 below illustrates the resulting relationship.  
 
Figure 3.120: Average Splitting Tensile Strength vs. Graphene Oxide Concentration 
 
 Figure 3.120 illustrates a downward trend when the concentration of GO is 
increased. When more GO is added, the resulting sample becomes more brittle and 
possesses a smaller split tensile strength.  
a =500 ± 40 (psi)
b =-(7 ± 9) x 103 (psi/concentration)
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Table 3.24: Percentage Change of Strength of CNF Samples vs. Blanks 
CNF Concentration (%) SWNT vs. 
Blanks (%) 
C60 vs. 
Blanks (%) 
GO vs. 
Blanks (%) 
0 0 0 0 
0.1 11.9 -1.6 12.4 
0.2 3.6 -4.9 -11.5 
0.8 -40 -3.2 -7.5 
 
 Table 3.24 illustrates the percent increase or decrease of the average strength of 
the CNF samples when compared to the blank samples. The average and the uncertainty 
values of the samples can be found in Appendices 7 (SWNT), 16 (C60), and 20 (GO). 
Positive percentage values indicate an increase in strength and negative values indicate a 
decrease in strength. Table 3.24 illustrates that the addition of SWNT resulted in more 
increases in strength, while the addition of C60 resulted in more decreases in strengths. 
Table 3.25: Percent Change Between the Average Strengths of the CNF Samples 
CNF Concentration (%) SWNT vs. 
C60 (%) 
SWNT vs. 
GO (%) 
C60 vs 
GO (%) 
0 0 0 0 
0.1 13.8 -0.42 -12.5 
0.2 8.9 17.0 7.4 
0.8 -38.2 -35.4 4.6 
 
 Table 3.25 illustrates the percent change between the strengths of the CNF 
samples. Like Table 3.24, positive values indicate an increase in strength and negative 
values indicate a decrease in strength. As seen in Table 3.25, the addition of SWNT 
resulted in an approximately 14% stronger sample than the C60, but a 0.42% decrease in 
strength when compared to GO. The table seems to illustrate that the choice of which 
CNF is appropriate for usage depends on the magnitude of the increase/decrease and how 
much CNF would need to be added. 
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Chapter 4- Discussion/Conclusion 
 After comparing Figures 3.56, 3.89, and 3.120, it was determined that the SWNT 
and GO influenced the average splitting tensile strength more than C60. As the SWNT/ 
Gypsum Cement and GO/ Gypsum Cement ratios increased, the average tensile strengths 
decreased. Individually, the average strengths fluctuated with each percentage and CNF.  
The addition of 0.1% SWNT resulted in a splitting tensile strength that was 
approximately 12% (570.4 psi) greater than the blank samples (509.3 psi), approximately 
14% greater than C60 (501.3 psi), but approximately 0.4% lower than GO (572.7 psi). The 
addition of 0.1% C60 resulted in a strength approximately 12% lower than C60. When 
compared to the blank samples, the C60 samples were almost 2% weaker, where the GO 
samples were approximately 12% stronger. 
The addition of 0.2% SWNT resulted in a strength that was almost 4% (527.5 psi) 
stronger than the blank samples, almost 9% greater than C60 (484.2 psi), and 17% 
stronger than GO (450.8 psi). The addition of C60 created a strength approximately 7% 
greater than GO. When compared to the blank samples, the C60 and GO samples were 
approximately 5% and 12% weaker, respectively. 
The addition of 0.8% SWNT resulted in a strength approximately 40% (304.3 psi) 
lower than the blank samples, approximately 38% lower than C60 (492.8 psi), and almost 
35% lower than GO (47.0 psi). The addition of C60 created a strength almost 5% greater 
than GO. When compared to the blank samples, the C60 and GO samples were 
approximately 3% and 8% weaker, respectively. 
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When looking at the general trend, the addition of SWNT seemed to result in a 
more drastic change in strength than the GO. C60 showed little to no significant influence. 
There are many reasons why such a discrepancy would occur. 
 As seen in Figure 3.56, there is a slight increase in strength as the CNT/Gypsum 
ratio increases. This small peak could be due to the high electronegativity of carbon. 
Since carbon has a high affinity for creating strong bonds with other elements, the 
interactions between the atoms would result in the final strength of the sample increasing 
(Bharj, et al., 2014). However, when the CNT/Gypsum ratio becomes higher than 0.002, 
the trend becomes negative. This could be attributed to van der Waals forces between the 
SWNT. SWNT have a high affinity for each other, which makes consistent dispersion 
difficult (Hilding, Grulke, Zhang, & Lockwood, 2003). 
 The added oxygen component in GO has been shown to increase the formation of 
hydrated crystals in cement (Lv et al., 2013). However, studies like this usually 
incorporate a polycarboxylate superplasticizer. Due to the flat nature of GO flakes (which 
are not that different from the sheets), the bonding strength between the flakes and P.C. is 
very weak. This allows the flakes to fall out of the cementitious matrix earlier when an 
external load is applied, thereby creating a brittle product. To avoid this, a 
polycarboxylate superplasticizer is added to the cement paste. This reduces van der 
Waals forces, increases the binding strength between the GO and P.C., and increases the 
strength of the final product (Babak, Hassani, Rashidi, & Parviz, 2014). In this 
experiment, a polycarboxylate superplasticizer was not used. It is possible that, if it were, 
the split tensile strengths would be higher.  
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 On a macroscopic scale, aggregates that are rough and angular possess a greater 
surface area than those that are smooth and rounded. This allows for stronger bonding 
between the aggregate and the cement. It is possible that this reasoning could be applied 
on a microscopic scale for C60 (Thotapally, 2016). 
 In order to effectively apply these results to public production, several sources of 
error have to be addressed. During the creation of the samples for the split tensile testing, 
several small droplets of water remained in the bowl and, due to the adhesive and 
cohesive nature of water, were not added to the final mixture. The mass difference 
between the water measured and the remaining water was approximately 0.01- 0.1 g. 
Since the samples were relatively small, this discrepancy may have influenced the 
resulting strengths more than if they were larger samples. Though potable water is 
recommended for large scale production (USG Corporation, 2015a), non-potable water 
was used in the duration of the experiment. Though unlikely, it is possible that the 
chemicals in the non-potable water may have affected the final strength of the concrete.  
When the carbon nanofibers were added to the gypsum, it was observed that some 
of them remained on the weighing paper. The mass of the paper with the nanofibers was 
too small to register on the digital scale and could be inferred to be less than 0.001 g. 
However, the possible difference in mass may have altered the resulting strength of the 
sample. There was also loss of product due to mixing and transferring the sample to the 
plastic cylinders. As the samples were vibrated, partially cured sample was added to 
some cylinders to keep the mass of cement paste used consistent. The vibration times for 
the samples fluctuated between 30-60 seconds. The vibration time was generally dictated 
by the appearance of the cement. If the cement did not appear evenly mixed in 30 
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seconds, it was vibrated longer. It is possible that these discrepancies negatively 
influenced the resulting strengths.   
The average curing time for all samples was approximately three days and 
nineteen hours. Upon closer investigation to available mixing and testing times, it was 
determined that most of the samples dried for three days and fifteen hours, while others 
dried for three days and twenty hours. This difference takes into account the removing of 
the samples from the cylinders. Since the size of the samples was small, it is possible that 
a slight change in curing time would have negatively affected the final strength. When 
the samples were broken, the maximum load values were determined by the technician 
watching the machine. If the machine automatically recorded the values, it is possible 
they would be slightly different. The samples were kept in a materials lab where the 
environment was not kept at a constant temperature and humidity. As a result, some of 
the samples appeared wetter than others. It is possible that if the samples were kept in a 
constant temperature and humidity, they would have dried better/faster and produced 
higher split tensile strengths.  
 For this split tensile strength portion of the experiment, only four percentages 
were investigated (0%, 0.1%, 0.2%, and 0.8%). Due to the small number of samples, the 
linear trends determined should be considered as general conclusions, particularly in the 
case of the SWNT. A more refined trend could be obtained with an increased number of 
samples and added percentages between 0.2% and 0.8%. 
 Once these sources of error are addressed, the final results could be applied to 
various facets of Homeland Security. As mentioned in Chapter 2 and seen in Chapter 3, 
the addition of SWNT increase the split tensile strength of gypsum cement. This property 
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could be applied to the creation of stronger wallboards and flooring to use as protection 
against fire, floods, and explosives. More research will have to be conducted to explore 
the fire resistivity of SWNT in gypsum cement and a cost analysis would be required to 
explore the profitability.  
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APPENDIX 1: COMPRESSIVE VALUES FOR VARIOUS GYPSUM SAMPLES 
(SABNIS AND WHITE, 1967) 
 
 
 
 
 
 
 
 
 
 
 
 
 
The figure above illustrates various ratios of gypsum cement: sand: water and the 
resulting compressive strengths after multiple curing periods. Mix 12 possesses a water: 
gypsum ratio of 0.225:1. The second half of this project used 0.322:1 (3.1 gypsum:  
water). 
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APPENDIX 2: COMPRESSIVE, MODULUS OF RUPTURE, AND SPLITTING 
TENSILE STRENGTHS FOR VARIOUS GYPSUM SAMPLES (SABNIS AND 
WHITE, 1967) 
 
 
 
 
 
 
 
 
 
 
 
 
The figure above illustrates the cylinder sizes and resulting compressive and 
splitting tensile strengths of the samples listed in Appendix 1. 
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APPENDIX 3: ORIGINAL SPLITTING TENSILE TEST RESULTS- BLANK 
COLUMNS 
 
 The table above illustrates the original values for the Blank Samples obtained 
during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 1E  1F  1G 
Average Diameter (in) 0.9740 0.9749 0.9732 
Uncertainty in Diameter (in) 0.0005 0.0006 0.0005 
Average Height (in) 1.8811 1.8913 1.9222 
Uncertainty in Height (in) 0.0013 0.0045 0.0069 
Load (lbs) 1240 1630 1570 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 430.8548319 562.7911176 534.2925299 
Uncertainty in psi 3.494015092 3.715504778 3.921782148 
Splitting Tensile Strength (MPa) 2.970640661 3.880309686 3.683818763 
Uncertainty in MPa 0.024090395 0.025617514 0.027039747 
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APPENDIX 4: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.1% SWNT 
COLUMNS 
 
 The table above illustrates the original values for the 0.1% SWNT Samples 
obtained during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 2A 2 A- 2 2 A- 3 
Average Diameter (in) 0.9746 0.9746 0.9751 
Uncertainty in Diameter (in) 0.0011 0.0008 0.0007 
Average Height (in) 1.9640 1.9678 1.9649 
Uncertainty in Height (in) 0.0047 0.0029 0.0010 
Load (lbs) 1590 1930 1630 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 528.8218082 640.6636279 541.5993298 
Uncertainty in psi 3.610162548 3.493889871 3.356302059 
Splitting Tensile Strength (MPa) 3.64609945 4.417221955 3.734197395 
Uncertainty in MPa 0.024891204 0.024089532 0.023140897 
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APPENDIX 5: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.2% SWNT 
COLUMNS 
 
 The table above illustrates the original values for the 0.2% SWNT Samples 
obtained during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 2A- I- 1 2A-I-2 2A-I-3 
Average Diameter (in) 0.9753 0.9731 0.9704 
Uncertainty in Diameter (in) 0.0008 0.0010 0.0023 
Average Height (in) 1.9669 1.9629 1.9755 
Uncertainty in Height (in) 0.0031 0.0028 0.0014 
Load (lbs) 1450 1630 1680 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 481.2022182 543.2654421 557.9067075 
Uncertainty in psi 3.423680602 3.463555577 3.598451425 
Splitting Tensile Strength (MPa) 3.317773806 3.745684839 3.846632851 
Uncertainty in MPa 0.023605456 0.023880384 0.024810459 
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APPENDIX 6: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.8% SWNT 
COLUMNS 
 
 The table above illustrates the original values for the 0.8% SWNT Samples 
obtained during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 2' 2'-1 2'-2 2'-2 R 
Average Diameter 
(in) 
0.9756 0.9741 0.9748 0.9755 
Uncertainty in 
Diameter (in) 
0.0011 0.0009 0.0009 0.0009 
Average Height (in) 2.0016 1.9841 1.9928 2.0129 
Uncertainty in 
Height (in) 
0.0016 0.0022 0.0036 0.0082 
Load (lbs) 1060 1660 960 780 
Uncertainty in 
Load (lbs) 
10.0 10.0 10.0 10.0 
Splitting Tensile 
Strength (psi) 
345.5706933 546.7906889 314.609709 252.8862708 
Uncertainty in psi 3.294152421 3.387042366 3.338857559 3.410488508 
Splitting Tensile 
Strength (MPa) 
2.382626993 3.769990571 2.169158437 1.743590144 
Uncertainty in 
MPa 
0.02271239 0.023352844 0.023020622 0.0235145 
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APPENDIX 7: AVERAGE SPLIT TENSILE STRENGTHS AND UNCERTAINTY 
FOR SWNT COLUMNS 
 
 
 
 
The data illustrated in the table above are the average split tensile strengths and 
the associated uncertainty values used to create Figure 3.56. This data does not include 
Sample 2’-1 since it was considered an outlier. The uncertainty values were determined 
through the standard deviation of the mean. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SWNT/Gypsum Ratio Average S.T.S (psi) Uncertainty (psi) 
0 509.3128265 40.08235295 
0.001 570.3615886 35.34401792 
0.002 527.4581226 23.51097745 
0.008 304.3555577 27.24249901 
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APPENDIX 8: AVERAGE SPLIT TENSILE STRENGTHS AND UNCERTAINTY 
WITH ORIGINAL SWNT SAMPLES- WITH OUTLIER 
 
 
 
 
The data illustrated in the table above includes Sample 2’-1. Note that the 
uncertainty associated with 0.8% is much larger than that shown in Appendix 7. This 
confirms that eliminating Sample 2’-1 in the final graph was the best course of action.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SWNT/Gypsum Ratio Average S.T.S (psi) Uncertainty (psi) 
0 509.3128265 40.08235295 
0.001 570.3615886 35.34401792 
0.002 527.4581226 23.51097745 
0.008 364.9643405 63.5963948 
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APPENDIX 9: GRAPH FOR AVERAGE SPLIT TENSILE STRENGTHS AND 
UNCERTAINTY WITH ORIGINAL SWNT SAMPLES 
The above graph is the average split tensile strength vs. CNT/Gypsum ratio for 
the data illustrated in Appendix 8. Though the same general pattern is seen in Figure 
3.56, this graph possesses slight differences, most notably the larger error bar for the 
0.008 data point.  
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APPENDIX 10: COMPRESSIVE STRENGTHS OF VARIOUS MIXES 
 
The table above reorganizes the data illustrated in Appendix 1 in such a way that 
the gypsum: water ratio remains constant. These specific values were chosen due to their 
similar curing times (24 hours) as seen in Appendix 2. Using Equation 4, the approximate 
split tensile strengths were calculated. The results are seen in Appendix 11. 
 
 
 
 
 
Gypsum Sand Water Aggregate/Gypsum 
Ratio 
Mix 
Number 
Average Compressive 
Strength (psi) 
1 1.2 0.3 1.2 1 3032 
1 1 0.3 1 5 3000 
1 0.8 0.3 0.8 9 3408       
1 1.2 0.35 1.2 2 2360 
1 1.2 0.35 1.2 2 2223 
1 1 0.35 1 4 2735 
1 1 0.35 1 4 2478 
1 0.6 0.35 0.6 6 2713 
1 0.8 0.35 0.8 8 3002       
1 1.2 0.4 1.2 3 1967 
1 0.8 0.4 0.8 7 2546 
1 0.6 0.4 0.6 11 2557 
1 0 0.4 0 10 2466 
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APPENDIX 11: COMPRESSIVE AND APPROXIMATE SPLTTING TENSILE 
STRENGTHS OF VARIOUS MIXES 
 
The table above illustrates the compressive strength and the approximated split 
tensile strength of the various mixes from Appendix 10. In the event that were two 
identical aggregate/gypsum ratios, the corresponding split tensile strengths were averaged 
together. The bolded values are seen in Figure 3.57. 
 
 
 
 
Aggregate/Gypsum 
Ratio 
Compressive 
Strength (psi) 
Approximate Split 
Tensile Strength (psi) 
Average Split 
Tensile Strength 
(If applicable) 
(psi) 
1.2 3032 356.1243908 
 
1 3000 353.6142499 
 
0.8 3408 384.9892877 
 
   
 
1.2 2360 301.3400967 295.4512 
1.2 2223 289.5622193  
1 2735 332.4710297 321.8869 
1 2478 311.3028687  
0.6 2713 330.6857271 330.6857 
0.8 3002 353.7713944 353.7714 
    
1.2 1967 266.8815152  
0.8 2546 316.9722098 
 
0.6 2557 317.8845398 
 
0 2466 310.2970425 
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APPENDIX 12: BREAKING PATTERN OF SAMPLE 2’-1 
 
 
 
 
 
 
 
 
 
 
 
The white speck indicated by Arrow 1 may be a piece of gypsum that was not 
properly or it might be another piece of sample that was transferred to this location when 
it was laid on the mental surface. 
 
 
 
 
 
 
 
1 
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APPENDIX 13: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.1% C60 
COLUMNS 
 
 The table above illustrates the original values for the 0.1% C60 samples obtained 
during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 3B- 1 3B- 2 3B-3 
Average Diameter (in) 0.9735 0.9723 0.9736 
Uncertainty in Diameter (in) 0.00127475 0.0008 0.0011 
Average Height (in) 1.9791 1.9664 1.9699 
Uncertainty in Height (in) 0.00207605 0.0007 0.0015 
Load (lbs) 950 1590 1990 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 313.906301 529.426 660.554 
Uncertainty in psi 3.34598755 3.36193 3.43644 
Splitting Tensile Strength (MPa) 2.16430861 3.65026 4.55436 
Uncertainty in MPa 0.02306978 0.02318 0.02369 
148 
APPENDIX 14: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.2% C60 
COLUMNS 
 
 The table above illustrates the original values for the 0.2% C60 samples obtained 
during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 3B-I-1 3B-I-2 3B-I-3 
Average Diameter (in) 0.9722 0.9681 0.9687 
Uncertainty in Diameter (in) 0.0006 0.00316 0.002327 
Average Height (in) 1.9663 1.9644 1.969 
Uncertainty in Height (in) 0.0015 0.001336 0.00057 
Load (lbs) 1460 1680 1210 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 486.214 562.3922 403.8597 
Uncertainty in psi 3.36365 3.836953 3.477787 
Splitting Tensile Strength (MPa) 3.35233 3.877559 2.784515 
Uncertainty in MPa 0.02319 0.026455 0.023979 
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APPENDIX 15: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.8% C60 
COLUMNS 
 
 
 The table above illustrates the original values for the 0.8% C60 samples obtained 
during the split tensile portion of the experiment. These values were used in the 
conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label Cylinder 4' 4'-1 4'-2 
Average Diameter (in) 0.9746 0.9724 0.9738 
Uncertainty in Diameter (in) 0.0015 0.00124 0.000464 
Average Height (in) 1.975 1.9614 1.9304 
Uncertainty in Height (in) 0.00280179 0.00058 0.002727 
Load (lbs) 1580 1210 1630 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 522.569072 403.882 552.0147 
Uncertainty in psi 3.48811613 3.3794 3.485123 
Splitting Tensile Strength (MPa) 3.60298834 2.78467 3.806009 
Uncertainty in MPa 0.02404972 0.0233 0.024029 
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APPENDIX 16: AVERAGE SPLIT TENSILE STRENGTHS AND UNCERTAINTY 
FOR C60 COLUMNS 
 
C60/Gypsum Ratio Average S.T.S (psi) Uncertainty (psi) 
0 509.3128265 40.08235295 
0.001 501.2954293 101.0522609 
0.002 484.1553205 45.77596683 
0.008 492.8218873 45.27510222 
 
The data illustrated in the table above are the average split tensile strengths and 
the associated uncertainty values used to create Figure 3.89. The uncertainty values were 
determined through the standard deviation of the mean. 
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APPENDIX 17: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.1% 
GRAPHENE OXIDE COLUMNS 
 
 
 The table above illustrates the original values for the 0.1% graphene oxide 
samples obtained during the split tensile portion of the experiment. These values were 
used in the conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
Cylinder Label Cylinder 5' 5'-1 5'-2 
Average Diameter (in) 0.9741 0.9686 0.9707 
Uncertainty in Diameter (in) 0.001065364 0.001512 0.001329 
Average Height (in) 1.974 1.976 1.968 
Uncertainty in Height (in) 0.002588436 0.00208 0.002202 
Load (lbs) 1710 1530 1930 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 566.1422176 508.909 643.1723 
Uncertainty in psi 3.449015784 3.461398 3.521142 
Splitting Tensile Strength (MPa) 3.903414716 3.508806 4.434518 
Uncertainty in MPa 0.023780136 0.023866 0.024277 
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APPENDIX 18: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.2% 
GRAPHENE OXIDE COLUMNS 
 
 
 The table above illustrates the original values for the 0.2% graphene oxide 
samples obtained during the split tensile portion of the experiment. These values were 
used in the conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 5A-1 5A-2 5A-3 
Average Diameter (in) 0.9763 0.9731 0.972 
Uncertainty in Diameter (in) 0.00106 0.00171 0.00172 
Average Height (in) 1.975 1.9742 1.9698 
Uncertainty in Height (in) 0.00404 0.00224 0.00247 
Load (lbs) 1070 1480 1530 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 353.275 490.448 508.725 
Uncertainty in psi 3.40123 3.46846 3.50406 
Splitting Tensile Strength (MPa) 2.43575 3.38152 3.50754 
Uncertainty in MPa 0.02345 0.02391 0.02416 
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APPENDIX 19: ORIGINAL SPLITTING TENSILE TEST RESULTS- 0.8% 
GRAPHENE OXIDE COLUMNS 
 
 The table above illustrates the original values for the 0.8% graphene oxide 
samples obtained during the split tensile portion of the experiment. These values were 
used in the conversion calculations from pounds to psi to MPa.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cylinder Label 6' 6'-1 6'-2 
Average Diameter (in) 0.9736 0.9714 0.9719 
Uncertainty in Diameter (in) 0.000913783 0.00076 0.00149 
Average Height (in) 1.9802 1.9885 1.9806 
Uncertainty in Height (in) 0.001124722 0.00297 0.00335 
Load (lbs) 1300 1460 1520 
Uncertainty in Load (lbs) 10.0 10.0 10.0 
Splitting Tensile Strength (psi) 429.2732771 481.182 502.696 
Uncertainty in psi 3.335514164 3.39425 3.50014 
Splitting Tensile Strength (MPa) 2.95973622 3.31763 3.46597 
Uncertainty in MPa 0.02299757 0.0234 0.02413 
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APPENDIX 20: AVERAGE SPLIT TENSILE STRENGTHS AND UNCERTAINTY 
FOR GRAPHENE OXIDE COLUMNS 
 
Graphene Oxide/Gypsum Ratio Average S.T.S (psi) Uncertainty (psi) 
0 509.3128265 40.08235 
0.001 572.7411676 38.89865 
0.002 450.816288 49.05495 
0.008 471.0503639 21.79225 
 
The data illustrated in the table above are the average split tensile strengths and 
the associated uncertainty values used to create Figure 3.120. The uncertainty values 
were determined through the standard deviation of the mean. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
